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ABSTRACT 


This  is  the  first  Gnnusl  technical  progress  report  on  a  research  program  on 
liquid  metai  embrittlement  (LME).  The  phenomenon  of  L ME  is  being  investigated 
on  levels  from  the  atomic  through  bulk  specimen  and  structural  properties,  and  is 
being  considered  from  both  experimental  and  theoretical  viewpoints.  The  research 
is  cinved  at  elucidating  the  three  important  aspects  cf  LME,  namely,  the  mechanism 
by  which  embrittlement  takes  place  at  a  crock,  or  potential  crack,  site,  fh®  mechcni- 
nism  by  which  the  embrittling  species  is  transported  to  this  site  ,  and  the  various 
metallurgical, physical,  and  mechanical  factors  which  have  a  significant  influence 
on  the  sc  verity  of  the  embrittlement . 

Eleven  specific  investigations  are  underway,  in  vorious  stages  of  progress,  with 
the  first  two  topics  aimed  primarily  at  an  understanding  of  the  tronsport  mechanism  in 
LME,  the  second  five  at  the  embrittlement  mechanism,  and  the  next  three  at  mecha¬ 
nical  and  metallurgical  factors  influencing  the  embrittlement.  The  last  topic  is  an  effort 
at  a  new  theoretical  approach  to  LME. 


1 .  Embf ittlemenf  by  Solid  Mefois 


Chief  Investigator:  W,  R.  Worke 
Associate  Investigator:  P.  Gordon 
Graduate  Student  :  J.  C.  Lynn 

Purpose:  To  investigate  "liquid"  metal  embrittlement  below  the  melting  point  of 
the  embriff ler . 


Progress:  A  high  temperature  dual-range  exfensometer  hos  been  received.  The 
system  for  testing,  including  a  Baldwin  testing  machine,  a  split  furnace  and  'enr<- 
perafure  controller,  temperature  recorder,  high  temperature  exfensometer  and 
stress-strain  recorder,  has  been  setup,  calibrated  and  is  now  in  operation. 

The  base  line  (unembritflcd)  elevated  temperature  tensile  properties  of  the 
4140  steel  to  be  used  throughout  this  study  hove  been  determined  and  are  shown  in 
Fig.  1  .  A  peak,  due  to  dynamic  strain  aging,  wos  observed  in  true  fracture 
strength  around  550°^.  The  reduction  of  area  increases  gradually  from  55%  of  room 
temperature  to  75%  at  800°F. 

Embrittlement  by  the  solid  metals,  lead  (99.9999%),  cadmium  (99.9999%)  and 
tin  (99.999%)  ,  respectively,  has  beer,  studied  using  surface  wetted  tensile  speci¬ 
mens.  The  soldering  technique  for  wetting  the  embrittier  to  the  specimen  surfaces 
was  the  same  as  that  employed  by  WarkeJ^  The  soldering  tempjrafures  were675°F, 
665°F  and  500°F  for  lead,  cadmium  and  fin,  respectively.  Tensile  tests  were  run 
from  room  temperature  to  the  respective  melting  points  (618°F,  610°F  and  450°F). 
Elevated  temperature  tensile  prope'fies  for  these  three  cases  (Pb,CdcndSn)  are 
shown  in  Figs.  2,  3  and  4,  respectively.  Both  the  true  fracture  strength  and  reduc¬ 
tion  of  are  a  decrease  drastically  with  increasing  temperature. 


The  embrittlement  is  revealed  more  clearly  by  the  decrease  with  increasing 
temperature  of  the  normalized  true  fracture  strength  and  the  normalized  reduction 


oreo.  Figs.  5,  6  and  7,  where  the  normalized  true  fracture  strength  (or -educ¬ 
tion  of  orea)  is  the  ratio  of  true  fracture  strength  (or  reduction  of  area)  for  a 
specimen  with  cm  embrittler  soldered  on  the  surface,  to  that  of  a  base  specimen 
heat  treated  to  the  same  strength  level  (i.e..  Fig.  1)  .  When  these  normalized 
true  fracture  strengths  and  reductions  of  orea  are  plotted  agoinsf  homologous  tem¬ 
perature  (test  temperature  divided  by  the  respective  melting  point  of  the  embrittler, 
temperatures  are  in  degrees  absolute).  Fig.  8,  if  can  be  seen  that  these  embrittlers 
(Pb  ,Cd  and  Sr.)  become  effective  when  the  test  temperature  reaches  approximately 
three  quarters  of  the  respective  melting  points.  Although  there  is  some  scatter  in 
the  data,  it  seems  that  cadmium  embrittlement  is  more  severe  then  lead  embrittlement, 
and  leod  embrittlement  is  more  severe  than  tin  embrittlement,  with  respect  to  homo¬ 
logous  temperature.  This  tendency  is  consistent  with  the  vapor  pressures  of  the 
embriftlen  (cadmium  has  the  highest  vapor  pressure  and  tin  has  the  lowest  vapor 
pressure).  The  fact  that  the  ratios  appear  to  approach  a  single  value  at  the  melting 
temperature  (see  Fig.  8),  seems  to  indicate  that  the  severity  of  the  embrittlement 
proceeds  at  a  decreasing  rate  as  temperature  increases  to  the  respective  melting 
points  (H.  T.  =  I  ).  In  other  words, f here  moy  not  be  much  difference  bctv/v.en  these 
three  embrittlement  couples  once  the  embrittler  is  molten. 

[2| 

The  fractures  of  the  base  specimens,  typical  of  those  in  high  strength  steel, 
were  initiated  fibreusiy  in  the  center  of  ti»e  specimen  and  prooogafed  outward 
catastrophically .  The  appearance  of  the  fracture  surfaces  of  the  surface  wetted 
specimens  indicated  that  the  fracture  was  initiated  from  the  surface  where  the  em- 
britfler  was  adhering  to  fhe  specimen.  The  embrittled  region,  perpendicular  to  the 
loading  axis,  increased  with  increasing  temperature  and  near  the  melting  point  looked 
sh'ny.  The  remainder  o;  the  fracture  sv'(ace  was  usually  dominated  by  shear  fracture. 
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inclined  at  45°  to  the  looding  axis.  The  given  test  temperature  was  that  at  five 
start  of  the  tensile  test.  Some  heating  due  to  straining  was  observed  and  often 
raised  the  specimen  temperature  20  to  25°F  before  fracture.  Those  specimens  ex¬ 
hibiting  shiny  fracture  origins  were  found  to  hove  been  heated  to  the  melting  point 
of  the  embrittler  in  this  way.  Secondary  stable  micro-cracks  neor  Gnd  parallel  to 
the  primary  fracture  were  also  observed  in  several  severely  embrittled  specimens. 

Future  Plans:  Elevoted  temperature  tensile  tests  will  be  continued  with  other 
potential  embrittfers  wetted  on  the  specimens.  Other  ways  of  putting  the  em- 
britflers  on  the  specimens  will  be  studied,  as  well.  Stress  rupture  machines  will 
be  ordered  *.n  the  near  future.  Quantitative  studies  of  the  embrittlement  will  be 
possible  once  the  activation  energy  of  the  embrittlement  has  been  obtained  by 
delayed  failure  tests. 

2.  Combined  Influence  of  Strain  Rote  and  Temperature  on  LME 

Chief  Investigator:  J.  W.  Dally 
Associate  Investigator:  N.  N.  Brever 
Graduate  Students:  8.  D.  Agarwal  and 
K.  1.  Johnson 

Purpose:  To  study  strain  rate-temperature  effects  aimed  at  delineating  the  trans¬ 
port  mechanism  in  LME  agent  in  producing  brittle  fracture  of  a  normally  ductile 
material.  Several  of  the  more  important  of  these  parameters  include:  the  state  of 
stress,  alloy  composition,  metallurgical  structure,  strength  level,  composition  of 
LME  agent,  temperature  and  strain  rate.  Of  these  parameters,  the  temperature  and 
strain  rate  appear  to  jointly  affect  the  fracture  behavior  in  the  presence  of  an  LME 
ogenf.  If  is  believed  that  these  two  parameters  are  directly  related  in  f!*e  control 
of  the  transport  ohenomeno  where  the  LM  is  maintained  in  close  proximity  to  the 
{racfure  front. 
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The  combined  influence  of  strain  rote  ond  temperature  on  fracture  in  the 
presence  of  cm  LM  environment  has  been  previously  examined  on  a  limited  basis  by 

131 

other  investigators.  Restorer'  has  reported  the  results  of  a  seriesof  tests  conducted 
with  tensile  sheet  specimens  of  aluminum  alloy  2024  T  4  wetted  with  a  mercury 
amalgam  containing  3%  zinc.  The  results  of  these  tests  shown  in  terms  of  per  cent 
elongation  as  a  function  of  test  temperature  with  strain  rate  as  a  parameter  are 
given  in  Fig.  9  .  It  is  evident  that  the  aluminum  alloy  is  embrittled  for  all  the 
strain  rotes  considered;  however,  the  temperature  at  which  a  significant  level  of 
ductility  is  regained  increases  with  strain  rate.  Indeed,  the  transition  temperature 
(brittle  to  ductile)  Has  been  expressed  as 

T  =  A  log  °  *  B  (1) 

where  the  constants  A  and  B  depend  upon  the  elongation  considered  to  represent 

the  transition  from  brittle  to  ductile  fracture. 

Another  study  with  aluminum  alloy  2024  T  4  wetted  with  mercury  was  con- 

<41 

ducted  by  Barclay  and  Rhines  '  where  tensile  specimens  were  impacted  at  room 
temperature  to  obtain  loading  rates  varying  from  about  50  to  1200  in/ sec.  Their 
results,  shown  in  Fig.  10,  indicate  that  embrittlement  occurs  over  the  entire  range 
of  loading  rates;  however,  the  difference  in  the  reduction  in  area  between  LM 
and  air  environment  decrease;  os  the  loading  rates  increase  .The  apparent  decrease  in  em¬ 
brittlement  is  attributed  to  the  lack  of  time  for  crock  initiation  at  high  loading 
rates . 

Several  Russian  investigators  have  observed  that  embrittlement  of  Zn 

monocrystals  coated  with  liquid  Hg,  Go  and  5n  was  markedly  dependent  upon 
o 

strain  rote  r  from  10  to  15  per  cent/minute,  all  three  liquids  caused  embrittlement 

-1  -3 

< see  FSg.  lit,  however,  or  lower  stroir  rates  of  10  to  10  per  cent/mi n.,  the 
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ductility  of  wetted  crystals  was  increased. 

1 7] 

Later  Kamdar  and  Westwood  disagreed  with  these  observations  and  con¬ 
cluded  that  neither  liquid  Ga  of  Hg  Droducea  embrittlement  in  Zn  single  crystals 
(deforming  principally  by  slip)  over  a  vcriationin  strain  rate  ranging  from  l  to  100 
per  cent/min.  These  results  ore  compared  with  the  previous  results  in  Fig.  11  . 

The  discrepancies  between  the  earlier  observations  and  those  of  Kamdor  and 
Westwood  probably  are  due  to  damageinduced  in  handling  the  1  mm  diameter  crystals 
used  by  the  earlier  workers.  At  high  stroin  rotes,  these  damage  sites  produce 
inhomogeneous  deformation  by  introducing  Icink-bandsd  formation  in  the  crystal. 
Crocks  nucleate  from  these  kink -bands  at  relatively  low  strains.  However,  when 
the  testing  is  performed  at  low  strain  rates  sufficient  time  is  ovailable  for  relief  of 
some  of  the  damage  and  this  results  in  the  apparent  plasticization  affect  referenced 
by  the  earlier  investigators. 

The  effect  of  strain  rote  on  the  deformation  behavior  of  both  poly  crystal  line 
and  single  crystal  materials  in  the  presence  of  liquid  metals  does  not  appear  to  have 
been  examined  in  any  great  detail.  With  single  crystals,  the  effect  of  strain  rate 
does  not  seem  large.  With  polycrystalline  materials,  however,  increasing  strain 
ra*es  cooear  to  oroduce  a  reduction  in  susceptibility  to  embrittlement  with  higher 
brittle  to  ductile  transition  temperatures. 

Introduction 

ft  aopears  that  a  comprehensive  study  of  the  combined  influence  of  tempera¬ 
ture  and  strain  rate  on  the  transition  from  ductile  to  brittle  failure  is  needed.  The 
date  obtained  would  give  a  measure  of  ductility  (per  cent  reduction  in  area)  and 
strength  (ultimate  and  fracture  strength)  as  functions  of  stroin  rote  ond temperature . 
crcctu'e  surfoces  and  ‘Vocrure  times  can  be  examined  to  gain  some  information 
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pertaining  to  the  dynamic  aspects  of  fracture  and  ir.  particular  the  transport 
mechanism. 


This  report  represents  the  results  of  the  initial  studies  in  this  research  task, 
where  o  series  of  experiments  hove  been  conducted  with  steel  (AISI  4145)  em¬ 
brittled  with  0,22  per  cent  lead  internally  distributed  in  the  material,  A  second 
material  examined  was  aluminum  2024  T4  which  was  embrittled  by  pure  liquid  mercury . 

While  the  test  program  is  not  completed,  sufficient  data  are  available  to 
prepare  this  preliminary  reporr  and  to  conclude  rhaf  testing  temperature  and  strain 
rate  both  significantly  influence  the  mechanisms  associated  with  liquid  metal 
embrittlement. 


Materia!  Description 

The  steel  used  in  this  series  of  experiments  was  an  A!S!  4145  grade,  cast  by 
Inland  Steel  Co.  in  a  split  heat,  with  one  hall  of  the  heat  leaded  and  the  other 
half  free  of  lead.  The  chemical  composition  of  each  portion  of  the  heat  is  presented 
in  Table  I . 


Table  1 

Chemical  Composition  of  AiSI  4145  Steel 
Alloying  Elements  internally  Leaded  Nan-leaded 


C  0.47  0.45 

Mn  0.80  0.80 

P  0,013  0,012 

S  0.025  C.020 

Si  0.22  0.22 

Cr  0.96  0.95 

Ni  —  — 

Mo  0.17  0.16 


Pfc  0.22 


7 


A  ‘urther  examination  o?  the  lead  composition  was  mud*  by  performing  on  electron 
orobe  analysis  of  the  inclusions  in  the  steel.  This  semi-quantitative  analysis  indi¬ 
cated  that  Zinc  (0.3%),  Antimony  {0.2  to  0.3%),  Tin  (0.12%),  Bismuth  (0.6%) 
and  Arseni';  (0.1%)  were  present  in  the  inclusions.  The  percentages  given  represent 
impurities  in  the  lend.  This  steel  was  not  rolled  from  ingot  form  »o  3  jnch  square 
billets  and  then  subsequently  hot  rolled  into  i  inch  diameter  rods.  These  reds  were 
then  rough  machi.sed  into  tension  specimens  0.080  in.  oversize  and  austenitized  at 
1525°F  for  one  hour,  oii  quenched  and  tempered  for  one  hour  at  9Q0°F.  After  heat 
treatment  the  tension  specimens  were  finished  machined.  This  heat  treatment  resulted 
in  a  nominal  room  temperature  tensile  strength  of  215  k si . 

The  aluminum  used  in  this  series  of  experiments  was  2Q24-T4  produced  by 
Reynolds  Aluminum.  This  aluminum  was  obtained  in  the  form  o-  5  '8"  diometer  extruded 
rod.  TKfc  chemical  analysis  of  *his  aluminum  alloy  is  presented  in  Table  II.  These  rods 


Toole  11 

Chemical  Composition  of  Aluminum  2024-T4 


Copper 

Silicon 

Manganese 

Magnesium 

4.30 

0.22 

0.57 

1.34 

were  macn:r>ed  into  tension  specimen  anc  tested.  The  nominal  room  tempefa‘ure 
“ensile  ttrength  of  this  aluminum  alloy  was  -6  ksi. 

High  purity  Hg  was  obtained  from  the  Bethlehem  Apparatus  Co.  in  17.35  lb 
lots  (  Fed.  Stock  *  68.0-579-9426).  This  source  materiel  wes  processed  from 
selected  stock  which  was  subsequently  triple  distilled  in  continuous  stages  undet 
vacuum  ana  controlled  low  temoerature.  After  processing  the  Hg  purity  was  in 
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Experimentol  Procedure: 

Test  of  wmoxio!  speci  mens  of  2024  T-4  aluminum  ond  infernally  leoded  4145 
sfeel  were  conducted  on  a  servo  controlled  hydraulically  actuated  test  system.  The 
testing  system  shown  in  Fig.12  consists  of  on  electronic  console  ,  a  iooding  frame 
and  a  hydraulic  power  supply.  The  hydraulic  power  supply  provides  up  to  20  GPM 
of  hydraulic  oil  at  3000  psi  to  the  hydraulic  actuator.  The  actuator  (a  6  in.bore 
with  an  8  in. stroke  )  provides  a  dynomic  force  up  to  42,000  lbs  with  a  maximum 
piston  velocity  of  about  200  in/m  in.  This  maximum  velocity  is  established  by  the 
20  GPM  caoocity  of  the  oervo  control  valve  which  edicts  the  How  of  oil  in  the 
hydraulic  actuator. 

!r>  operation,  a  linear  positive  romp  voltage  is  applied  as  a  command  signal  to 
the  servo-amplifier.  This  command  produces  a  constant  piston  velocity  when  or- 
LVDT  transducer  is  used  to  provide  the  necessary  feed  bock  signal  to  the  serv0- 
ampi;*'ier.  A  typicc!  example  of  the  actuator  displacement  as  a  func'ian  of  time  is 
Shown  in  fig.  ]3  .  By  controlling  the  slope  of  the  ramp  commend  signal  the  piston 
velocity  was  varied  from  0.016  to  160.0  in,  min.  Tests  were  conducted  at  piston 
velocities  of  0.016,  0.160,  1.60,  16.0,  160  in/ min.  The  ramp  signals  associated 
W.th  the  higher  oiston  velocities  were  aroduced  by  a  signal  generator  (HP  type  3300A) 
and  thc  lower  piston  velocities  were  produced  by  a  curve  following  programmer 
(Research  ircorccrated  Data  Track). 

The  ;orce  or  the  specimen  was  measured  by  c  load  cell  (10,000  lb  capacity) 
one  read  out  on  a  Y  -  t  recorder  for  low  piston  velocities  or  c  storoge  osciliiscope 
•Of  -igh  outer,  velocities.  A  typical  example  o?  a  force-time  record  obtained  from 
aluminum  specimens  is  presented  in  fig.  ]4  .  These  records  were  token  on  each  test 
arc  usee  to  esfaolis1'  ?Ke  *orce  associated  with  the  uirimofe  ond  fracture  strengths  and 
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fhe  time  required  for  initiation  of  yield  and  for  complete  fracture. 

The  strain  rate  reported  for  each  test  represents  a  value  associated  with  the 

o 

elastic  response  of  the  specimen.  In  this  sense,  the  strain  rate  e  may  be  computed 
from 

«  =  V/Ic  (2) 


where  V  is  the  piston  velocity 

I  is  the  effective  gage  length  of  the  specimen 

The  effective  length  of  the  specimen  was  determined  from  the  expression 

le  =  Al/e  =  Vfy/^y  (3) 


where 


y 

t 

y 


is  the  yield  strain 

is  the  time  required  for  yield. 


Typical  values  of  1^  associated  with  the  steel  and  aluminum  specimens  were  6.5  and 
5.0  inches  respectively . 

After  yielding  occurs,  the  strain  rate  computed  by  Eq  (2)  is  much  lower  than 
the  actual  strain  rote.  This  difference  is  due  to  the  concentration  of  the  deforma¬ 
tion  at  the  neck  of  the  specimen  which  in  effect  reduces  the  effective  gage  length 
of  the  specimen  by  about  on  order  of  magnitude . 

The  post  yield  -strain  rate  was  examined  by  placing  strain  gages  at  the  neck 
section  of  several  aluminum  specimens  end  recording  the  strain  on  these  specimens 
In  the  post  yield  region.  The  gooes  were  Micro-measurements  Type  EA-13-25Q8B-120 
end  were  placed  circumferentially  about  fhe  specimen  to  measure  the  transverse  strain. 


A  typical  record  showing  the  transverse  strain  os  o  function  of  time  Is  presented  in 
Fig.  *5  «  From  this  record  it  is  evident  that  the  strain  rote  after  yielding  h  markedly 
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higher  thon  the  rate  established  du.i.-sg  elastic  loading.  The  strain  rote  during  the 
elastic  portion  of  this  test  (1.60  ir^/min  piston  velocity)  was  recorded  as  0.1194 
in/in/min  while  the  strain  rote  observed  in  the  post-yield  region  wos  determined  to 
bs  1 .412  in/in/min  Thus,  the  ratio  of  the  plastic  to  elastic  strain  rates  was  11.82 
and  this  ratio  was  considered  as  constant  for  testing  performed  at  higher  and  lower 
strain  rates. 

The  temperature  of  the  specimen  was  maintained  with  a  single  zone  tube  fur¬ 
nace  and  the  temperature  was  measured  at  the  neck  section  during  each  test  with  a 
*22  gage  chronel-olumel  thermocouple  tied  to  the  specimen.  The  output  of  the 
thermocouple  was  recorded  on  a  strip  chart  recorder  prior  to  and  during  the  test . 

Due  to  the  fact  that  the  geometry  of  the  tension  specimen,  as  shown  in  Fig.  16, 
contained  a  minimum  neck  section  the  deformation  area  was  highly  localized  and 
temperature  grodienrs  along  the  length  of  the  tube  furnace  were  not  important . 

Of  more  concern  was  the  sharp  increase  in  temperature  recorded  during  the 
test.  This  increase  was  due  to  the  heat  generated  os  the  specimen  was  plastically 
deformed.  Temperature  increases  of  20  to  25°F  which  were  encountered  remained 
essentially  constant,  independent  of  the  strain  rote.  It  appears  that  the  lack  of 
variation  of  the  temperature  is  ckje  to  the  odiabatic  generation  of  heat  during  the 
deformation  process. 

Results: 

The  results  obtained  by  testing  AIS!  4145  leaded  steel  are  shown  in  Figs.  17 
to  20  where  the  fracture  strength  ~f  ,  the  ultimate  tensile  strength  ~0  ,  the  propor¬ 
tional  limit  and  the  per  cent  reduction  in  area  are  given  as  a  function  of  test 
temperature  *or  a  specified  strain  rote.  It  is  evident  in  all  cases  that  the  strength 
end  ductility  decreases  monotonicoily  with  increasing  temperature  until  a  minimum 
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is  reached  corresponding  to  a  temperature  in  the  range  from  600  to  850°F.  For 
higher  temperatures,  the  material  regains  its  ductility  and  the  fracture  strength 
shows  a  marked  increase. 

Loss  of  ductility  (defined  as  failures  with  RA  less  than  10  per  cent)  occurs 
over  a  temperature  band  which  varies  with  strain  rate  os  illustrated  in  Fig.  21 .  It 
is  evident  that  the  temperature  bond  associated  with  embrittlement  remains  essen¬ 
tially  the  some  (about  2 00-2 50° F)  and  that  both  the  upper  and  lower  temperatures 
associated  with  the  embrittlement  band  increase  with  strain  rate.  The  effective 
shift  in  the  RA-femperature  profile  with  strain  rate  is  illustrated  in  Fig.  22  where  it 
is  evident  that  three  decades  of  strain  rests  effectively  translate  the  RA-temperoture 
profile  by  about  150°F. 

The  effect  of  strain  rate  on  the  per  cent  RA  h  shown  for  testing  temperotures 
of  75,  300,  450,  600,  700,  800  and  900°F  in  Fig.  23.  It  is  dear  that 
the  strain  rate  has  little  influence  at  room  temperature  where  the  RAwas  constant 
at  about  42  percent  of  at  700°F  where  the  materiel  exhibited  very  little  plastic  de¬ 
formation.  At  all  other  temperature  the  effect  of  strain  rota  was  pronounced. 

The  recovery  temperature  TR  (defined  here  as  the  temperature  ct  which  the 
meterial  regains  a  RA  of  40  percent)  is  presented  as  o  function  of  log  ?  in  Fig.  24. 
These  results  are  similar  to  those  reported  previously  by  Rostoker  et  ol  where  it  was 
noted  that  the  temperature-strain  rate  relation  could  be  expressed  as 

TR  =  A  -  B  log1Q  « 

The  constants  A  and  B  depend  on  the  ductility.  In  this  cose  where  TR  wos 
established  at  RA  =  0.4  ,  the  constants  A  and  B  were  determined  as: 

A  =  909°  F 

B  =  43.6°F 
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The  time  necessary  to  complete  each  strain  rate  test  is  one  measure  of  the 
dynamic  aspects  of  the  fracture  process  under  LME  conditions.  The  le  to  reach 
the  load  associated  with  the  proportional  limit  t  j  and  the  time  to  reach  the  froc- 
ture  lood  are  given  in  Table  III.  Also  shown  in  this  table  is  the  time  difference 
ftt  -  t^j  -  t^  ,  the  strain  rote,  test  temperature  and  percent  RA.  Examination  of 
these  results  shows  that  6 1  is  minimum  whenever  embrittlement  occurs  and  RA  is  o 

minimum.  Thetime  difference  decreases  roughly  in  proportion  to  the  strain  rate 

o  o 

being  5.5  seconds  for  «  =  0.0025  in/in/min  to  50  millisec.  for  e-  -  2.46  in/in/min. 

At  the  very  high  rates  of  loadings  with  time  differences  (which  must  be  greater  than 
fracture  times)  of  50  millisecs.  average  crock  propogationrates  exceeded  2  iq/j*c. 

The  results  obtained  with  aluminum  2024  T4  correspond  to  both  a  liquid  mer¬ 
cury  and  an  air  environment.  In  all  cases,  the  results  were  compored  to  show  the 
combined  effect  of  temperature  and  strain  rote  under  both  environmental  conditions. 

Results  showing  the  percent  reduction  in  area  as  a  function  of  temperature  for 
both  conditions  are  presented  in  Figs.  25  to  29.  These  results  correspond  to  strain 
rofej  of  0.003,  0.03,  0.30,  3.00  and  30.0  iryrir\/min.  In  the  presence  of  oir,  the 
RA  increases  monofonically  with  temperature  increasing  from  about  30  percent  at 
75°%  to  50  or  60  percent  at  600°F  with  the  larger  value  achieved  at  the  higher 
strain  rates.  The  results  obtained  for  RA  at  strain  rates  of  0.003,  0.03  and  0.30 
in/in/min  with  a  liquid  Fg  environment  show  marked  embrittlement  for  testing 
temperatures  in  the  range  from  75  to  400° r.  However,  ai  higher  temperatures  the 
aluminum  recovers  its  ductility  and  exhibits  a  very  sharp  brittle  to  ductile  transition, 
indeed  above  the  recovery  temperature,  the  RA  measured  in  the  (Hg)^  environment 
was  consistently  highe.’  *han  that  measured  in  oir. 

The  influence  of  strain  rate  on  RA  5$  more  cleorty  illustrated  in  Fig.  30where 
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Toble  III 

Time  to  Proportional  Limit  tp|  and  fracture  t^  for  4145  leaded  Steel 
7  =  0.0025  in/in/min 


Temp  (°F) 


R.  A.  (%) 


44.2 

36.1 
26.9 

22.4 

13.1 
3.2 
4.9 

6.4 
7.7 

65.4 


,Pi<’ec> 

155.0  402.0 

160.0  350.0 

150.0  305.0 

144.0  277.5 

147.5  236.0 

142.5  147.5 

137.0  157.0 

125.0  472.5 

?  =  0.025  in/in/min 


tf(sec)  A t (sec)  Spec.  No. 


247.0 

190.0 

155.0 

133.0 

89.0 

5.5 

20.0 

347.0 


26.9 

23.3 

20.5 

16.3 

11.1 

1.9 

2.1 

4.2 

0.5 

40.5 


W-  1 
W  -  6 
W  -  7 
W  -  8 
W  -  9 
W  -  10 
W  -  3 
V/  -  4 


Z  -  1 
Z-  2 
Z  -  4 
Z  -  3 
Z-  6 
Z  -  5 
Z  -  7 
Z-  8 
Z  -  9 
Z  -  10 


c  =  0.23  in/in/min 


2.48 

2.37 

2.17 

1.87 

1.09 

0.45 

0.30 

0.42 

0.48 

3.89 


Y  -  1 

Y  -  2 

Y  -  3 
Y-  6 
Y-  7 

Y  -  8 

Y  -  10 

Y  -  9 

Y  -  4 

Y  -  5 


=  2.46  in/in/min 


75 

42.1 

0.167 

0.376 

0.209 

X  - 

300 

40.2 

0.150 

0.370 

0.220 

X  - 

400 

37.6 

0.157 

0.364 

0.207 

X  - 

550 

22.3 

0.155 

0.305 

0.150 

X  - 

600 

20.8 

0.165 

0.307 

0.142 

X  - 

700 

3.3 

0.145 

0.205 

0.060 

X  - 

800 

6.4 

0.151 

0.201 

0.050 

X  - 

875 

6.5 

0.145 

0.196 

0.051 

X  - 

900 

4.5 

— 

— 

X  - 

923 

22.3 

0.143 

0.288 

0.145 

X  - 

940 

71.4 

0.135 

0.474 

0.338 

X  - 

RA  versus  e  curves  ore  shown  for  test  temperatures  of  75,  300,  450,  475  and 
500°F.  It  is  clear  that  the  effect  of  increasing  the  strain  rate  is  to  markedly 
decrease  the  RA.  This  sharp  loss  of  ductility  with  strain  rate  becomes  more 
pronounced  at  the  higher  test  temperatures. 

Similar  results  for  the  fracture  strength  ap  os  a  function  of  temperature 
are  given  in  Figs.  31  ro  35.  These  results  clearly  indicate  that  the  fracture 
strength  is  sharply  reduced  by  the  presence  of  liquid  Hg  over  the  temperature 
range  from  75  to  about  400°F.  After  the  recovery  of  ductility,  the  difference 
in  fracture  strength  between  specimens  tested  in  air  and  Hg  is  quite  small. 

While  further  tests  must  be  conducted  to  complete  this  investigation, 
sufficient  data  hos  been  taken  to  indicate  that  the  recovery  temperature  T^ 
increasing  with  the  log  c  as  indicated  in  Fig.  36.  The  general  trend  of  the 
influence  of  strain  rate  on  Tjj  in  the  2024  T4  aluminum  is  similar  to  that  noted 
for  the  4145  leaded  steel. 

Future  Work; 

The  current  work  with  the  aluminum  will  be  extended  to  cover  the  tem¬ 
perature  range  from  ~75°F  to  room  temperature.  The  looding  frame  will  be 
modified  with  a  cooling  chamber  replacing  the  furnace.  Liquid  nitrogen  will 
be  employed  to  establish  temperatures  down  to  “50°  to  -100°F  so  that  the 
tests  can  be  conducted  with  the  aluminum  at  temperatures  in  the  region  where 
the  Hg  solidifies.  These  low  temperature  tests  will  include  the  five  different 
strain  rates  from  0.003  to  30  in/in/min. 


After  the  test  program  is  completed  the  fracture  surfoces  of  the  aluminum 
specimens  will  be  examined  and  an  attempt  mode  to  classify  the  fracture  rones.  It 
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onficipoted  that  chorocteristics  of  the  fracture  surfaces  con  be  related  to  tempera¬ 
ture  ond  strain  rate  in  the  presence  of  the  embrittling  agent  or  in  air. 

Finally  an  attempt  will  be  made  to  interpret  the  results  in  terms  of  the  exist¬ 
ing  fracture  theories.  It  is  anticipated  that  the  strain  rote  dependence  of  the 
fracture  stress  will  allow  a  choice  between  various  transport  mechanisms  cn  the  basis 
of  their  characteristic  rotes  and  activation  energies. 

Work  will  also  be  initiated  on  a  related  task  where  a  series  of  experiments 
will  be  design  to  study  crack  propagation  as  affected  by  liquid  metal  environment . 

In  the  tests  described  to  date  (in  relation  to  an  embrittling  environment)  the  liquid 
metal  is  in  contact  with  the  base  material  as  the  load  is  applied  over  relatively 
long  loading  intervals  .  This  procedure  is  not  adequate  for  measuring  the  time 
required  for  crack  initiation  since  the  effect  of  the  time  spent  ot  stresses  lower  thon 
the  critical  value  can  not  be  assessed,  it  is  proposed  to  change  this  testing  procedure 
and  to  apply  astatic  load  to  a  specimen  ond  then  dynamically  apply  the  embrittling 
agent.  With  this  approach  the  specimen  (aluminum)  in  plate  form  would  be  loaded  in 
uniaxial  tension  ond  the  embrittling  agent  >ippiied  dynamically.  The  resulting  crack 
patterns  would  be  recorded  by  using  o  Fastax  camera  (both  8  mm  ond  16  mm  models 
are  available).  The  crack  propagation  rates  are  relatively  low  and  consequently 
framing  rates  of  the  order  of  1000  or  2000  frames/sec  appear  suitable  for  tracking 
the  formation  and  development  of  tbe  crock  patterns  ond  to  establish  initiation  times. 

The  parameters  which  con  be  varied  in  tests  of  this  type  ore  almost  unlimited. 
They  include  stress  level,  temperature,  base  materiel,  embrittling  agent,  the  quan¬ 
tity  of  the  ogent,  the  spatial  distribution  of  the  agent,  the  pressure  of  the  ogent, 
specimen  size,  end  stress  distribution . 
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3.  The  Effect  of  Structure!  Metal  Purity  on  LME 

Chief  Investigator:  W.  R.  Work* 

Associate  investigators:  P.  Gordon,  N.  N.  Breyer 
Graduate  Student:  S.  Dinda 

Purpose:  To  study  the  effect  of  segregation  of  trace  impurities  to  grain  boundaries 
on  the  embrittlement  in  LME. 

Introduction:  Intergranular  fracture  is  observed  in  both  liquid  metal  embrittlement 
and  temper  embrittlement  of  steel.  It  has  been  well  estefeiished^8"10'  that  the 
reason  for  the  selection  of  on  inter gronulor  path  for  fracture  in  temper  brittle  steel 
is  the  segregation  of  trace  impurities  such  as  antimony,  tin,  arsenic,  phosphorus  etc . 
to  the  groin  boundaries,  in  the  present  program,  the  effort  will  be  mode  to  evaluate 
the  role  of  these  trace  impurities  and  their  segregation  to  the  grain  boundaries  in  the 
liquid  metal  embrittlement  of  steel. 

Recently,  if  was  reported  ^  ^  that  steel  heat  treated  so  as  to  be  temper  brittle 
was  more  susceptible  to  hydrogen  embrittlement  than  the  same  steel  without  the  em¬ 
brittling  treatment.  The  static  fatigue  life  and  the  minimum  stress  for  rupture  were 
less  for  the  temper  brittle  steel  in  the  presence  of  hydrogen.  In  view  of  recognized 
similarities  between  hydrogen  embrittlement  and  liquid  metal  embrittlement,  these 
results  are  very  encouroging  and  support  the  expectation  that  steel  with  segregated 
impurities  in  the  grain  boundaries  will  be  more  susceptible  to  embrittlement  in  pre¬ 
sence  of  o  liquid  metal  embrittlement. 

Progress  and  Plans:  Five  ingots  of  20  pounds  each  were  received  from  the  Research 
and  Development  Laboratory  of  General  Electric  Company,  Schenectady.  The  base 
composition  of  the  vacuum  melted  material  is  0.40%  C,  3.5%  Ni  and  1 .7%  Cr, 
and  the  special  additions  to  the  base  steel  are  as  follows: 
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1  .  Bose  composition,  no  addition 

2 .  Base  composition  *  800  ppm  $b 

3.  Base  composition  +  500  ppm  Sn 

4.  Bose  composition  +  500  ppm  As 

5.  Bose  composition  +  500  ppm  P 

The  ingots  were  soaiced  at  2075°F  for  one  half  hour  and  forged  to  3/4  inch 
round  bars.  The  bars  will  be  drawn  through  die  to  an  appropriate  size  for  machining 
of  tensile  specimens.  Materials  from  each  ingot  will  be  heat  treated  in  accordance 
with  procedures  given  in  the  literature  and  known  to  give  unsegregated,  unembrittled 
and  segregated,  embrittled  states  respectively .  For  the  unsegregoted  condition,  the 
material  will  be  austenitized  at  850  C  (1562  F)  for  one  hour,  then  quenched  into 
oil,  tempered  at  625  C  (1157  0  for  one  hour  and  water-quenched.  For  segregation 
of  impurities  to  the  grain  boundaries,  the  water-quenched  samples  will  be  given  on 
embrittling  treatment  which  involves  step  cooling  through  the  temperature  range  from 
600  C  to  350  C  (IT  12  F  to  6620. 

Elevated  temperature  tensile  tests  will  be  carried  out  for  the  following  four 
conditions: 

a.  Unsegregoted,  non-wettea 

b.  Unsegregoted,  wetted 

c.  Segregated,  non -wetted 

d.  Segregated,  wetted 


Pure  lead  will  be  used  as  the  embrittling  liquid  metal  applied  to  the  specimen  sur¬ 
face.  The  results  after  elevated  temperature  tensile  will  be  compared  in  each  case 
and  the  role  of  these  trace  impurities  in  liquid  metal  embrittlement  will  beevaluated. 


Chief  investigator:  N.  N.  Breyer 

Associate  investigators:  J.  W.  Dally,  W.  R.  Wcrke 

Graduate  Student:  K.  L.  Johnson 

Purpose:  This  investigation  is  a  study  to  characterize  the  effect  of  lead  composition 
on  the  fracture  behavior  of  externally  wetted  4145  steel. 

Introduction:  One  of  the  more  intrlging  aspects  of  LME  is  its  apparent  specificity. 
It  is  often  stated  that  certain  liquid  metals  only  embrittle  certain  solid  metals. 
Furthermore,  the  additions  of  small  amounts  of  impurity  elements  to  a  specific  li¬ 
quid  metal  embrittling  agent  can  drastically  affect  the  fracture  behavior  of  the 
solid  mete! .  The  fundamental  factors  which  determine  whether  or  not  c  given 
liquid  metal  or  liquid  metal  alloy  will  embrittle  a  particular  solid  metal,  and  the 
extent  to  which  the  embrittlement  will  be  induced,  are  not  understood. 

This  study  was  initiated  in  order  to  quantitatively  determine  the  influence  of 
changing  the  composition  of  a  liquid  metal  ambrittling  agent  (viz.  Pb)  on  the  frac¬ 
ture  behavior  of  a  high  strength  alloy  steel.  Binary  alloys  of  lead  with  second 
element  additions  of  tin,  antimony  ond  zinc  are  included  in  this  study.  An  attempt 
will  be  made  to  understand  the  specificity  of  these  additions  to  pure  Pb  in  terms  of 
their  physical  and  atomistic  characteristics. 

Progress  and  Plans:  Base  line  elevated  temperature  tensile  (ETT)  properties  of  200 
ksi  nominal  UTS  non-lead  4145  steel,  surface  wetted  with  pure  Pb,  Pb-0.5%  Zn, 
Pb-2%  Sb,  and  Pfc-9%  Sn  alloys  (percentages  are  by  weight)  have  been  determined. 
8rsftie-to-duct?ie  recovery  temperature  differences  as  large  as  300°F  occur  os  the 
wetting  metal  composition  is  chonged  from  pure  Pb  by  the  additions  of  the  above 

* 

element  to  the  Pb.  The  ETT  properties  of  specimen  surface  wetted  with  pure  Pb  ond 
Pb-0.5co  Zn  ere  presented  in  Figs.  37  and  38  respectively.  It  can  be  noted  that 
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*,to  wuuiwii  u-  v. <u«i  iu  ircc  pare  ru  noi  wiirrea  me  Drivne^tcrttuctile  recovery 
temperafurc  100°?  higher  thon  that  for  pure  Pb  oione. 

The  systems  Pb-Sh  end  ftj“Sn  hove  been  chosen  for  complete  characterization 
for  decreasing  second  element  composition,  down  to  trace  element  percentajjes.  These 
systems  were  selected  for  t^o  reasons:  1)  both  systems  exhibit  an  initially  high  reco¬ 
very  temperature  (2S>°-300°F  above  that  of  pure  Pb),  2)  o  wealth  of  physical  and 
thermodynomic  data  are  available  in  the  literature  on  these  systems. 

The  system  Po-Sn  has  been  completely  characterized  for  second  element  (i.e., 
Sn)  compositions  of  9,  4,  1,  0.5,  0. 1%.  The  ETT  properties  of  200  k$$  nominal  UTS 
non-leoded  4145  steel  surface -wet  ted  with  the  ofeove  alloys  are  shown  in  Figs.  39 
thru  43.  It  cor,  be  seen  that  as  the  Sn  composition  of  these  Fb-Sn  alloys  increase 
from  0. 1%  to  9%  the  recovery  temperature  (that  temperature  at  which  the  material 
regains  a  reduction  in  area  of  40%)  steadily  increases.  The  effect  of  Sn  in  Pb  on  the 

LME  of  this  material  was  fxind  to  follow  the  relationship 
1/Tr  *  A  logjQ  (%Sn)  +  8 

Fig.  44  illustrate  this  relo'ionship  between  the  reciprocal  of  the  absolute  recovery 
temperature  and  the  log^g  (%SnJ. 

The  effect  of  Sb  on  surface  wetted  Pb  alloys  is  shown  in  Figs. 45,  46  end  47  for 

k 

2,  1  and  0.1%  Sb  alloys  of  Pb  respectively.  Notice  the  marked  deleterious  effect 
which  small  Sb  additions  to  Pb  has  on  the  LME  characteristic  of  the  200  ksi  nominal 
UTS  alloy  steel.  Far  2  and  1%  Sb  alloys,  the  brittle-to-ductile  recovery  temperature 
was  greater  than  975°F  (above  the  original  tempering  temperature  of  the  specimens). 

The  Pb-0.1%  Sb  surface  wetted  alloy  (Fig. 47)  produced  a  recovery  temperature  of 
835°F .  At  the  present  time  the  Fb~Sb  has  not  been  completely  characterized,  however, 

new  Pb-Sb  alloys  heve  been  made  and  testing  of  these  alloys  is  now  underway.  It  is 
hoped  that  by  completely  characterizing  the  effect  of  these  two  binary  systems,  Fb-Sn 
and  Po->b,  as  the  ETT  behavior  of  o  high  strength  stoei,  a  better  understanding  of  the 
soec'Jicity  of  second  element  additions  to  an  embrittling  ogenf  can  be  giecned. 

; 
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5.  The  Specificity  of  Ewbrittlir 


Chief  Investigator:  W.  R.  Workc 
Graduate  Student:  F.  A.  Shunk 


Purpose:  To  re-evaluate  the  present  knowledge  on  this  subject  by  c  complete  and 
critical  review  of  the  literature;  ultimately,  to  develop  further  pertinent  experimen¬ 
tal  evidence  to  fill  in  gops,  ond  to  perform  critical  experiments  to  distinguish  between 
available  end  proposed  rationclizations. 

Progress:  The  idea  of  specificity  in  liquid  metal  embrittlement  (LME)  appears  to  be 

1121 

derived  from  the  conclusion  of  Rostoker  et  al;  1  that  *....  liquid  metal  embrittlement 
is  not  general;  the  mating  of  specific  couples  is  a  necessary  condition."  This  conclu¬ 
sion  was  based  on  the  observations  reproduced  in  Table  I  ond  on  their  literature  survey. 
112  131 

Attempts’  '  to  rationalize  these  observations  hove  been,  at  best,  only  partially 
successful. 

These  rationalizations  are  phenomenological  in  character;  to  re-examine  and 
re-evaluate  them  on  a  more  fundamental  basis  suggests  the  need  for  on  operational 
definition  of  non-embrittlement.  In  on  obvious  manner,  one  con  proceed  from  a  con¬ 
sideration  of  the  embrittlement  trough  which  is  associated  with  LME;  this  trough  is 
readily  described.  As  the  test  temperature  is  increased,  o  gntduol  transition  from 

ductile  to  brittle  behavior - as  measured  by  the  rirocture  stress  end/or  ductility  at 

frccture  relative  to  the  some  quantifies  when  the  specimen  is  fractured  in  air - is 

observed  (tbs  onset  of  this  transition  is  below  thi  melting  point  of  the  test  liquid  in 
those  ^  for  which  it  hos  been  reported!.  At  some  higher  temperature,  the 

froctisre  behavior  is  again  identical  with  that  in  air;  this  reflects  the  high  temperature 
side  of  the  trough  {brittle-to-ductile  transition).  Non-embrittlement  is  then  defined 
as  that  condition  where  there  is  no  change  in  the  fracture  feebevior  due  to  the  presence 
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ot  the  test  liquid  cs  compared  to  the  fracture  behavior  i<«  air  ©y©f  q  temperature 
rcnge  which  includes  the  melting  point  {or  fiqu}dtiS)  cf  th*  test  liquid. 

The  first  pfwc*  of  the  task  of  rationalizing  specificity  has  been  a  literature 
3*o?eh  which  hm  o  two-S^d  objective.  The  first  of  these  objectives  is  to  up-date 
SKiwing  tcfeylstScro  of  couples  which  hove  been  investigated  while  the  second  is  to 
oceuiawsGte  information  on  the  test  conditions  under  which  embrittlement  or  non- 
ws*  obtained  by  t he  various  investigators.  This  latter  objective  it  of 
particular  importance  in  classifying  a  particular  couple  cs  non-embrittling  which  is, 
of  course,  the  basis  of  specificity. 

For  embrittlement  t©  bs  sbm rv«d,  it  is  necessary  that  the  test  temperature  be  in 
the  embritfteisen?  h©ugh.  Dote  regarding  hew  th#  ductile-to-brittle  trcmitio*.  tem- 
piTofur*  (low-tamperet^  side  of  the  trough)  k  effected  by  test  variables  tr»  meager. 
Much  more  h  ki>swn  about  the  brlttle-to-ductfi*  transition  which  occurs  above  the 
melting  point  {of  liquids)  of  th*  test  liquid.  The  temperature  of  the  upper  tuition 
is  strongly  influenced  by  {a)  the  groin  size  of  the  solid,  ffe)  the  strain  rate  of  the  test, 
G«d  (c)  the  composition  of  the  liquid  cr»d  Is  influenced  somewhat  less  by  the  eomposi- 
tion  and  strength  level  of  the  solid.  Thus,  prior  to  defining  c  particular  liquid/solid 
couple  os  non-embrittling,  it  H  necessary  to  knew  (in  terms  of  the  above  definition) 
that  a  brittie-to-ductiie  tr  coition  does  not  occu*.  Me ad  recent  investigators  appear 
to  recognize  this  requirement  because  '*ry  fev.  anen-embrittlingK  couples  hove  been 
reported  since  the  oppearance  of  the  monograph  by  R  ©stoker  et  o!  All  of  the 
couples  which  have  been  claimed  to  be  non-embrittling,  cs  determined  by  the  litera¬ 
ture  search,  ore  summarized  in  Table  2  ;  the  limits  to  the  claim  of  non-e.-Wbrittlea^t 
are  indicated  in  the  footnotes  to  the  table.  Comparison  with  the  definition  of  non- 
embnttiement  shows  (since  most  of  these  couples  were  reported  as  non-embrittling  on 
the  bosis  of  testing  at  o  single  temperature  cbove  the  melting  point  of  the  test  liquid) 


Summary  of  "Non-Embrittling"  Couples 


b)  no  published  information 

c)  limited  testing  (known  or  inferred) 


that  most  of  these  couples  ere  not  established  as  non -embrittling.  A  second  group 
(unfortunately  large)  ore  reported  as  non-embrittling  with  no  specific  characteriza¬ 
tion  of  the  testing  conditions  (although,  in  some  cases,  inferences  may  be  drown  by 
referring  to  the  tests  with  embrittled  couples  in  the  some  work) . 

In  addition  to  tests  which  are  made  outside  of  the  temperature  regime  of  the 
embrittlement  trough,  "non-embrittlement"  may  be  observed  if  the  test  liquid  does 
not  wet  the  solid  ortd/or  if  there  is  no  sufficiently  stable  barrier  to  dislocation  flow. 

The  latter  possibility  is  suggested  by  the  observation  of  Nichols  and  Kostoker^^  that 
alloys  are  more  likely  to  be  embrittled  than  eve  pure  metals.  Furthermore,  such  a 
condition  would  be  consistent  with  the  above  definition  of  non-embrittlement  and 
simultaneously  would  give  an  operational  definition  of  specificity.  A  definition  of 
this  type  could  be  taken  to  imply  that  the  liquid  plays  only  a  small  role  in  LME 
(specifically  with  regard  to  the  "bond-weakening"  model)  and  even  that  specificity 
as  a  co-operative  phenomenon  between  the  embrittled  and  embrittier  materials  (  as  is 
usually  ^  implied)  is  not  a  real  aspect  of  LME.  Of  course,  specificity  resulting 
from  o  co -operative  phenomenon  may  exist,  but  at  the  present  time  if  must  be  consi¬ 
dered  as  not  established.  The  possibility  that  both  "flow  stress"  and  "co-operative" 
specificity  occur  also  exists. 

The  literature  search  has  yielded  an  up-dated  listing  of  clearly  established  em¬ 
brittlement  couples;  these  couples  are  summarized  in  Table  3  .  This  table  is  organized 
on  the  basis  of  increasing  melting  points  (of  the  base  element  in  the  case  of  alloys),  the 
most  significant  aspect  appears  to  be  the  seemingly  random  appearance  of  embrittling 
couples.  This  scatter  would  seem  to  exclude  o  simple  relationship  between  embrittle- 


nent  and  some  physical  property. 

r  I3| 

In  the  rationalization  of  embrittling  couples  presented  by  Westwood  et  al  , 


Summory  of  Embrittlement  Couplet 
element  (nominally  pure)  C  -  commerciol 
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it  is  suggested  that  embrittlement  is  associated  with  a  smalt  difference  in  electro* 
negativity  between  the  liquid  and  the  solid.  This  criterion  parallels  the  "non-existence 
of  intermediate  phases"  criterion  of  Rostoker  et  al.  *  The  couples  in  Table  3  which 
consist  of  (nominally)  pure  elements  only  are  retabulated  in  Table  4  according  to 
increasing  electronegativity;  the  difference  in  electronegativities  is  recorded  in  the 
table.  As  suggested  above,  the  scatter  noted  in  Table  3  is  still  evident.  The  corres¬ 
ponding  analysis  of  the  intersolubility  "rule"  suggested  by  Rostoker  ctai.has  not  been 
completed  but  several  exceptions  are  known  and  o  similar  random  pairing  is  anticipated. 

Future  Work :  The  initial  phase  of  the  experimental  work  wilt  be  concerned  with 
establishing  a  non-embrittling  couple.  The  six  elemental  couples  in  Table  2  (Sn/Al, 
Hg/Cd,  Hg/Fe,  Gc/Bi,  Go/  Cu,  Pb/Cu)  are  the  principal  candidate  couples. 

The  analysis  of  known  embrittling  couples  in  terms  of  both  phenomenological  and 
theoretical  models  will  continue  as  will  the  literature  search. 

6. 

Chief  Investigator:  E.  Zwicker 
Associate  Investigator:  P.  Gordon 
Graduate  Students:  R.  Hudec,  (A.  Ftndeli) 

Undergraduate  Participation:  2  NSF  supported  physics 

undergraduates 
2  unsupported  physics 
undergraduates 

Purpose:  To  measure  surface  energies  by  means  of  mierebalance  measurement  of  the 
force-distance  curve  when  atomically  clean  surfaces  are  brought  together. 

Progress  and  Plans:  To  date,  the  experimental  and  theoretical  aspects  of  surfoce 
energy  have  been  subjected  to  a  thorough  literature  survey,  and  the  survey  continues 
at  o  modified  pace.  A  cad  file  lists  a  total  of  291  reference  articles  cross-indexed 


Direct  Measurement  of  Surfoce 
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by  author  and  subject*  Of  course,  125  articles  hove  been  collected  and  cataloged, 
and  are  in  a  metal  file  cabinet  housed  In  the  Solid  State  Physics  Laboratory,  114 
Siegel  Hall.  Subject  matter  is  listed  under  the  following  file  heodings: 

Theoretical  Calculations 
Experimental  Determinations 
Surface  Measurements 
Surfoce  Preparation 
Environment  Effects 
Temperature  Effects 
Plastic  Flow  at  Crock  Tip 

Initiation  and  Propagation  of  Crock:  Dislocation  Models 

Ultra-High  Vacuum  Technology 

Solid-Liquid  interfaces 

Liquid  Metal  Embrittlement 

Photomechanical  Effect 

Books  -  general 

The  research  file  has  been  organized  In  a  manner  to  help  solve  four  exceedingly 
difficult  experimental  sub-problems  of  the  primary  surfoce  energy  problem: 

I,  Production  of  ultra-high  vocuum,  of  the  orderlO  ^  to  10  ^  torr  in  a 
chamber  capable  of  containing  the  microbalance  and  sample  handling 
and  measuring  equipment; 

II.  Measurement  of  the  short-range  attractive  forces: 

Ilf.  Control  and  measurement  of  the  inter-surfoce  separation; 

IV.  Production  and  measurement  of  the  atomicolly-clean  sample  surf  exes. 


Progress  has  been  most  rapid  in  solving  the  first  sub-problem.  After  receiving 
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bids  and  odvice  from  Ultek,  Varian  and  Vmco,  an  ultra-high  vocuum  system  has  been 

ordered  from  Ultek.  The  TNB-X-75  Ultek  system  offers  the  greatest  flexibility  of  the 

three  systems,  and  appears  to  be  the  most  satisfactory  for  the  experiment.  It  consists 

_2 

of  two  sorption  pumps  for  roughing  to  10  torr  in  about  3  minutes,  a  middle  stage  of 
titanium  sublimation  pumping  using  a  copper  cryo  panel  which  can  be  cooled  with 
liquid  nitrogen,  and  final  stage  of  differential  ion  pumping  consisting  of  three, 

25  liter/second  units.  Additional  ion  pump  units  may  be  purchased  and  installed,  if 
required,  to  boost  total  ion  pumping  to  200  liter/second.  The  additional  cost  to  do 
this  would  be  $135  per  unit,  less  than  $700  total.  Ultek  also  offered  the  best  working 
volume,  a  stainless  steel  bell  jar,  12  inches  in  diameter  by  12  inches  high.  It  has 
two  eight-inch  ports,  three  six-inch  ports  and  four  two-inch  ports,  and  was  originally 
designed  for  Auger  spectroscopy  and  low-energy  electron  diffraction  work.  A  special 
poppet  valve  enables  isolation  of  the  pumping  section  from  the  bell  jcr.  In  order  to 
be  capable  of  vacuums  of  the  order  10  torr,  a  bakeable  gold-sealed  valve  (Granville- 
Phillips)  will  be  used  to  isolate  the  roughing  stage,  rather  than  a  standard,  viton- 
seated  valve.  A  combination  ion  pump  control  and  sublimation  power  supply  is 
standard  with  the  system.  The  ion  pump  control  includes  a  meter  which  will  read 
system  pressures  from  10~^  down  to  10  torr.  In  order  to  read  pressures  into  the  10 
torr  range,  a  Bcyard-Aipert  type  gauge  will  be  ordered  installed  in  the  system.  The 
gauge  is  compatible  with  a  Veeco  Ionization  Gauge  Control  (Model  RGLL'*6)  which 
reads  into  the  10~  torr  range,  and  which  is  available  from  the  Metallurgical  Engi¬ 
neering  Department.  The  Control  and  original  gauge  were  found  to  be  in  working 
order  at  an  earlier  date,  though  the  gauge  cannot  be  used  efficiently  with  system 
ordered. 

Another  feature  of  the  Ultek  system  is  the  shielding  of  the  bell  jar  volume 
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ogainst  gas  discharge  which  occurs  during  operation  in  the  middle  stages  of  pumping. 
Such  discharge  destroyed  the  coil  of  a  Cohn  microbalance  used  in  osytem  by  RCA, 
accordingtoMr.  JcmesT.  O'Brien  of  RCA's  Special  Products  Engineering,  Sommervi lie, 
New  Jersey,  (private  communication).  Another  foctor  considered  is  the  stray  magne¬ 
tic  field  from  the  ion  pump  mogncts  in  the  volume  of  the  bell  jar  space.  Ultek  claimed 

-3 

the  lowest  field  of  the  three  manufacturers,  less  than  10  gauss,  which  compares  with 
Earth’s  field,  and  so  will  not  affect  operation  of  the  Cohn  microbolance. 

The  UHV  system  is  to  be  delivered  in  lote  July,  and  will  arrive  completely 

-11 

assembled  and  factory  pre-tested  to  achieve  pressure  in  the  range  10  torr.  Since 
if  weighs  about  500  pounds,  a  heavy-duty,  portable  winch  is  being  outfitted  with 
stainless  steel  cable  and  hooks,  so  the  system  may  be  moved  into  proper  mounting 
position.  The  winch  will  also  serve  to  lift  the  stainless  stell  bell  Jar  from  the  system 
to  facilitate  mounting  experimental  equipment  within  the  system,  and  to  service  the 
system  on  occasion.  The  system  will  be  mounted  on  an  aluminum  base  plate  measuring 
36  x  48  x  3/4  inches,  which  is  on  order.  Ultimately,  the  base  plate  wit!  be  suspend¬ 
ed  on  a  vibration  isolation  device.  It  is  expected  that  both  Haber  Instrument,  |nc. 
and  Laming  Research  Corporation  will  be  consulted  more  closely  before  September, 
regarding  particular  problems  of  vibration  isolation.  Lansing  manufactures  isolation 
tobies  which  are  in  effect  mounted  on  cushions  of  air. 

After  the  UHV  system  has  been  mounted  on  the  base  plate,  it  will  be  tested 
without  opening  it  to  atmosphere,  *n  order  to  see  that  it  meets  specifications.  This  is 
expected  to  occur  by  the  middle  of  August.  Orce  the  system  performs  satisfactorily, 
the  bell  jar  will  be  opened  to  an  atmosphere  of  dry  nitrogen,  end  a  chemically  cleaned 
specimen  of  KC5  will  be  introduced  in  order  to  test  its  outgassing  properties.  Such 
tests  will  be  repeated  with  metallic  specimens  as  well,  and  practice!  information  will 
be  obtain  about  the  need  for  bokeout  of  different  types  of  specimens. 
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A  means  of  baking  out  the  entire  system  crt  temperatures  in  their  range  of  90^C 
to  400°C  is  currently  being  designed,  and  should  be  reody  to  fit  to  the  system  during 
August  end  September. 

Sub-problem  II,  the  measurement  of  the  short-rong*  attractive  for-es,  isiolwd 
in  principle  by  the  model  KH-UHV  automatic  recording  e^ctroboiance  mode  by  Cohn 
Instrument  Company.  The  bcicnce  is  designed  for  use  in  vacuums  into  the  10  ^torr 
range,  and  capable  of  continuous  recording  of  changes  in  force  over  et  least  two 
orders  of  magnitude.  Measurement  of  smell  forces  is  limited  by  the  sensitivity  of  the 
balance  to  2  micrpgrarrss  change  of  force,  while  large  forces  ere  measured  to  four 
significant  figures  up  to  o  force  of  20  grams  weight.  However,  the  balance  moy  not 
satisfy  the  requirements  of  the  experiment  completely,  a  characteristic  of  the  balance 
which  must  be  established  is  how  steadily  the  beam  of  the  balance  maintains  a  cons¬ 
tant  position,  which  in  turn  determines  how  well  a  given  inter-surfoce  separation  con 
be  K^aintoined  between  the  surface-energy  specimens.  Such  knowledge  is  directly 
related  to  solving  sub-problem  III,  the  control  and  measurement  of  irtter-surfcce 
sepcrction,  it  is  known  that  the  model  G-2  balance  is  sensitive  to  change  of  beam 
position  of  1CC0  !  ,  but  for  the  present  work  a  sensitivity  down  to  the  order  o?  10  i  , 
would  be  desirable.  In  a  recently  discovered  article  titled  “Adaptation  of  the  Cohn 
Eiectrcbaicnce  Control  System  to  the  Automatic  Operation  of  A  Quartz  Beam  Vacuum 
Microbelonce,  (Vacuum  Microboionce  Techniques,  vol.  6,  Plenum,  New  York,  p.45), 
W.  E.  Boggs  reported  modifying  the  optics  of  the  bcicnce  to  be  external  to  the 
vacuum  system.  With  the  knowledge  that  this  is  practical,  it  should  be  possible  to 
design  on  external,  cpticcl  interference  system  to  reed  and  control  the  balance  beem 
position.  It  is  not  clear  what  the  limiting  design  factors  ore,  and  communication  with 
the  Cchn  Instrument  Company  is  proceeding  in  order  to  determine  whet  data  exists 
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for  the  model  SH-UHV  so  for  as  bean  position  steodiness  is  concerned.  This  in  forma- 
tion  should  be  available  before  the  ervd  of  June,  if  it  is  known,  but  it  may  well  be 
that  the  dato  well  have  to  be  established  in  this  laboratory,  along  with  modification 
of  the  optical  and  control  system  of  the  balance.  The  balance  will  very  probably  be 
ordered  before  the  end  of  June,  and  should  be  available  for  testing  and  preparation 
of  preliminary  experiments  before  the  end  of  August.  The  experiments  will  measure 
attractive  forces  between  surfoces  in  air  using  techniques  similar  to  those  of 
Derjoguin,  (see  status  report  2,  reference  6)  and  should  be  carried  out  during  the 
fall  term  of  1970.  Design  of  the  system  to  measure  the  separation  of  the  surfaces 
(SSS)  being  tested  will  begin  during  July,  with  the  view  of  coupling  the  SSS  into 
the  electro-optica!  system  of  the  balance  in  order  to  control  balance  beam  position  as 
well  as  measure  It.  Construction  of  the  SSS  will  begin  during  the  fall  term. 

After  the  microbalance  and  UHV  systems  have  been  tested  and  ore  operable, 
preliminary  experiments  will  be  run  to  observe  how  the  systems  operate  in  combina¬ 
tion.  Such  experiments  will  probably  prereed  the  construction  and  successful  opera¬ 
tion  of  the  SSS,  and  will  simply  measure  the  adhesive  force  between  various  types  of 
specimens  brought  into  contact  with  each  ether  under  UHV.  Specimens  will  be  both 
alkali  halide  and  metoliic  couples,  and  it  is  expected  that  various  cleaning  techniques 
will  be  tried  in  order  to  observe  the  effects  on  odhesive  force.  Such  experiments  will 
be  of  some  direct  empirical  interest  to  IME,  since  the  odhesive  force  may  be  measured 
both  ir.  the  presence  and  absence  of  the  liquid  metal,  or  other  forms  of  metallic  em¬ 
brittlement  agents,  such  as  the  leoded  steels. 

Two  auxiliary  problems  related  to  the  surface  energy  measurement  are  progress¬ 
ing  sarisfactoriJy .  Crystals  of  NoCl  are  now  growing  from  solution,  and  are  believed 
to  he  highly  pure  and  perfect  ir>  structure.  The  first  crystallites  have  formed,  and  by 
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lote  July  or  August  they  should  hove  grown  sufficiently  Jorge  for  our  experimental 
purposes.  They  will  be  Ejected  to  tests  such  os  ionic  conductivity  neosurements 
and  thermoluminescence  in  order  to  check  on  purity.  Etch  techniques  will  be  used 
to  check  dislocation  density.  The  crystals  will  ultimately  be  used  in  surface  energy 
measurements  to  help  calibrate  the  opporatus. 

The  second  problem  is  to  test  for  the  existence  of  o  photomechanical  effect  in 
fracture  energy  measurements  of  KCt .  The  photomechanical  effect  consists  of  rne 
reversible  increase  in  yield  strength  when  the  crystals  are  illuminated  with  green 
light  at  temperatures  below  the  boiling  point  of  liquid  nitrogen.  It  is  expected  thot 
measured  frccture  surface  energy  will  follow  the  reversible  changes  in  yield  strength. 
The  fracture  energy  apparatus  is  that  used  in  previous  work.  To  achieve  the  low  and 
carefully-controlled  temperatures,  a  cryostat  has  now  been  constructed  and  tested.  A 
mercury  monostet  is  used  to  control  the  vapor  pressure  of  the  liquid  nitrogen  by  regula¬ 
ting  the  pressure  produced  in  the  system  by  a  vacuum  pump.  The  precise  control  of 
pressure  guarantees  control  of  temperature  to  within  0.1°C.  This  is  important,  since 
the  results  of  Nadeau  (  J.  Appl.  Phys.,  35,  669  March  196*4)  shows  c  sharp  depen¬ 
dence  of  yield  strength  on  temperature  in  temperature  ratges  to  be  studied.  A  thermo¬ 
couple  will  be  mounted  in  the  cryostat  to  check  on  the  constancy  of  temperature  in  the 
region  of  the  specimen.  Special  strain  gauges  ore  being  mounted  on  the  aluminum 
strain-gauge  ring,  and  are  being  bonded  with  o  special  glue  claimed  to  be  good  in  the 
low  temperature  ranges  to  be  used.  It  is  expected  that  preliminary  experiments  will 
begin  by  the  end  of  July  and  significant  results  should  be  obtained  during  August. 

The  work  should  be  completed  during  the  fall  term. 
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►  7.  CrystoHogrophic  Aspects  of  Liquid  Metol  Embrittlement 

|  Chief  Investigotor:  D.  L.  Albright 

Graduate  Students:  K .  H.  Buchner 

J.  A.  Wetter  (starting  June,  1970) 

>  Purgose:  The  measurement  of  fracture  energies  at  grain  boundaries  in  bi crystal  grown 

with  a  range  of  controlled  orientation  relationships.  The  aim  is  to  study  the  effect 
of  crystallographic  factors  upon  the  fracture  energies. 


Progress  and  Plans:  Resist  once  heating  was  used  to  grow  single  crystals  of  aluminum 
(99.993%  purity)  by  thermal  gradient  controlled  solidification.  Portions  of  these 

crystals  were  then  removed  and  oriented  for  use  as  seeds  in  the  growth  of  bicrystois 

approximately  8  in.  long.  Initially,  some  bicrystals  were  also  grownby  seif-nuclecrtion. 

In  either  case  it  was  determined  that  the  bicrystal  boundary  can  be  kept  relatively 

straight  and  in  the  middle  of  the  specimen  by  placing  a  wire  (1  mm  dia.,  high  melting 

point  ailoy)  along  the  centerline  of  the  bottom  of  the  graphite  crucible.  Typical 

bicrystals  grown  in  each  manner  are  shown  in  Figure  4S. 

Bach-reflection  laue  photographs  ore  being  taken  in  aider  to  establish  the 
orientation  relationships  which  exist  across  the  two  halves  of  each  bicrystal.  Table  I 
summarizes  the  orientation  results  to  dote.  Even  though  all  samples  are  now  being 
produced  by  seeding,  the  self-nucleated  samples  have  been  included  to  help  make 
several  points.  First,  Table  1  shows  that  bicrystals  have  been  grown  with  both  common 
end  uncommon  growth  directions  in  the  two  halves.  Second,  for  either  of  these  above 
situations,  it  can  be  seen  that  it  is  possible  to  produce  samples  with  varying  degrees 
of  lattice  rotation  between  the  helves.  Third,  the  ability  to  keep  the  boundary 
straight  and  centered  seems  to  manifest  itself  in  the  occurrence  of  a  wide  variety  of 
interface  "motch-ups” .  All  three  of  these  points  represent  substantial  progress  toward 
the  cools  outlined  in  the  original  THEMIS  proposal. 


Summory  of  Bicrystal  Orientation* 


Current  effort  is  being  directed  toward  producing  o  complete  set  of  long  bi¬ 
crystals  with  precisely  controlled  orientation  relationships.  Simultaneously,  double 
cantilever  samples  for  mechanical  testing  are  being  machined  from  the  controlled 
bicrystols  atreody  on  hand.  This  testing  will  be  done  in  a  liquid  mercury  environment. 
The  test  permits  a  measurement  of  fracture  energy,  which  will  in  turn  be  correlated 
with  the  crystallographic  parameters. 

Delivery  of  the  double-crystal  diffractometer  has  been  delayed  from  April  to 
July,  1970.  When  this  equipment  arrives,  determination  of  the  crystallographic 
substructure  at  the  bi  tryst  a!  boundaries  will  commence. 


8.  Effect  of  Cold  Work  on  Leod  Embrittlement  of  Alloy  Steels 

Chief  Investigator:  N.  N.  Breyer 
Associate  Investigator:  J.  W.  Dally 
Graduate  Student:  K.  L.  Johnson 

To  separate  out  the  individual  effects  of  cold  working  and  of  strength  level 
on  the  embrittlement  behavior  of  4145  I  coded  steel. 

Introduction:  Investigators  studying  the  effects  of  cold  working  on  the  LME  of  solid 
metals  have  reported  results  which  are  seemingly  contradictory.  Although  these  authors 
have  recognized  the  difficulty  in  analyzing  ond  interpreting  their  results  no  attempts 
have  been  mode  to  clearly  separate  the  effects  of  deformation  mode  (e.g.  rolling, 
tensile  prestrain,  die  drawing,  etc.;  as  well  as  the  attendant  changes  in  the  base  ma¬ 
terial  strength  level  with  increasing  amounts  of  cold  deformation. 

A  review  of  the  field  of  LME  by  Rostoksr,  «t.  ol  includes  the  effect  of  cold 
work  (room  temperature)  on  the  embrittlement  of  3003  Al  alloy  in  the  presence  of 
Hg  +  3%  Zn  amalgams.  The  authors  conclude  that  increasing  amounts  of  cold  work 
decrease  that  alleys  susceptibility  to  LME.  The  deformation  mode  in  this  study. 
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although  not  reported,  was  In  all  probability  cold  rolling  since  the  authors  report 
percent  elongation  ot  fracture,  typical  of  a  thin,  sheet  type  specimen.  The  degree 
or  susceptibility  to  embrittlement  in  these  studies  is  usually  defined  as  the  difference  in 
elongation  between  the  dry  and  wetted  specimens  for  the  some  degree  of  cold  work. 

Subsequent  work  by  Rostcker  and  Nichols^ on  age  hardened  Al  alloys 
deformed  by  pre -stretching  shows  that  cold  work  first  produces  an  increase  in  suscep¬ 
tibility  followed  by  o  progressive  recovery  with  additional  cold  deformation.  The 

effect  of  tensile  prestrain  on  the  tensile  properties  of  *  -brass  in  the  presence  of  Hg 
{231 

has  been  detailed  by  ;  it  was  shown  that  the  susceptibility  to  embrittlement  in- 

1241 

creases  with  increasing  amounts  of  cold  pre-strain.  Reference1  1  reports  the  effect 
of  cold  rolling  70:30  o  brass  tested  in  the  presence  of  Hg  -  2%  No  amalgams.  These 
authors  show  that  beyond  25%  cold  reductions  the  susceptibility  to  embrittlement 
progressively  diminishes  until  virtually  no  embrittlement  is  observed  for  materials  pro¬ 
cessed  ?o  95%  cold  reductions. 

It  is  obvious  that  the  previous  studies  hove  not  produced  consistent  results.  Fur¬ 
thermore,  in  most  of  the  prior  investigations,  the  LME  characteristics  were  studied  ot 
only  one  temperature.  The  present  study  was  initiated  to  further  examine  the  role  that 
cold  working  ploys  in  the  LME  phenomena.  The  material  selected  for  this  investiga¬ 
tion  was  on  AISI  4145  alloy  steel,  available  as  "split-heat"  stock.  The  material's 

(91 

susceptibility  to  embrittlement  by  leod  hod  been  extensively  characterized . 1  1  Half 
of  this  material  was  internally  leaded  and  the  other  half  was  leod-free.  Table  J 
presents  the  chemicol  composition  of  the  two  portions  of  this  "split-heat". 
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Toble  I 

CHEMICAL  COMPOSITION  OF  4145  "SPLIT-HEAT"  MATERIAL 

Moteriol  CMnP  SSiQMoPfe 

4145-0  0.45  0.80  0.012  0.020  0.22  0.95  0.16  ~ 

4145-22  0.47  0.80  0.013  0.025  0.22  0.96  0.17  0.22 

This  material  was  selected  to  demonstrate  the  sensitivity  to  leod  embrittlement 
125  26  271 

as  function  of  strength  lever  '  '  and  the  extensive  data  available  for  this 

125  26  281 

material  permits  precise  base  line  comparisons1  '  '  '  .  Also,  this  material  can 

be  readily  processed  by  various  combinations  of  thermo-mechanical  treatments  to  o 
singular  strength  level  (200  ksi  nominal  in  this  study)  thus  obviating  the  complicating 
effects  of  changing  strength  levels  with  changes  in  amounts  of  deformation. 

An  additional  purpose  of  this  study  will  be  to  relate  the  effects  of  different 
deformation  modes  to  the  embrittlement  characteristics  and  fracture  mechanisms  of 
solid  metals  in  the  presence  of  an  embrittling  agent.  In  order  to  gain  a  better  under¬ 
standing  of  the  role  which  cold  working  plays  in  the  LME  phenomena  c  correlation 
between  the  cold-working  effects  and  the  fractographic  features  of  these  specimens 
wf'!  also  be  attempted. 

Experimental  Results:  In  on  effort  to  clarify  the  exact  nature  of  the  thermo-mechani¬ 
cal  treatments  employed  in  this  study.  Table  II  lists  the  combination  of  heat  treatments 
and  deformation  required  to  obtain  the  200  ksi  nominal  room  temperature  tensile 
properties  for  this  4145  alloy  steel  material.  The  elevated  temperature  tensile  (EXT) 
properties  of  the  leoded-steel  resulting  from  thermal  processing  alone  prior  to  subse¬ 
quent  deformation  by  cold-dr  owing  ore  given  in  Figs.  49-51.  An  examination  of  these 
figures  reveals  that  the  degree  of  embrittlement  (as  measured  by  %  R.A.  and  true 
stress  ct  fracture)  decreases  as  the  strength  level  of  the  steel  is  lowered. 


Table  tl 

ROOM  TEMPERATURE  TENSILE  PROPERTIES  OF  INTERNALLY-LEADED  4  145  STEEL  AS  ACHIEVED 
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%  R.A.  Percent  Reduction  In  Areo  o  Fracture 
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A  slight  decrease  in  brittle-ductile  (5. e.,  high  temperature  recovery)  transition  tem¬ 
perature  is  also  noted . 

The  trend  was  shown  to  exist  for  another  leaded  4145  heat  by  Mostovoy  and 
BreyerP^'^'^  The  base  line  data  as  a  function  of  heat  treated  strength  (Figs.  49- 
SI)  are  presented  for  later  comparison  for  the  changes  attending  cold  deformation. 

The  effect  of  cold-drawing  on  the  (ETT)  properties  of  this  leaded-steel  thermally 
processed  followed  by  0,10,20  and  30%  reductions  are  shown  in  Figs.  52,  53,  54  and 
55  respectively.  The  specimens  used  in  the  determination  of  these  curves  were  all 
processed  to  the  same  nominal  room  temperature  tensile  strength  of  200  ksi . 

Examination  of  these  figures  reveals  that  at  a  nominal  200  ksi  strength  level,  a 
progressive  reduction  in  susceptibility  to  embrittlement  results  as  the  amount  of  cold- 
deformation  increases.  Furthermore,  as  the  percent  reduction  by  die-drawing  is 
increaseddower  initial  heat-treated  Strength)? he  brittle-ductile  transition  temperature 
is  also  progressively  lowered. 

Ir.  order  to  compare  the  effects  of  cold-working  on  the  ductility  properties  of 
the  leoded  steel,  the  ductility  properties  both  before  and  after  cold  drawing  are  pre¬ 
sented  inFigs.  56,57,  and  58.  The  %  R.A.  at  fracture  of  the  200  k»l  specimens 
processed  by  the  thermo-mechanical  treatments  and  the  %  R.A.  values  of  the  material 
heat  treated  to  the  strength  level  required  prior  to  cold-drwing  (i.e.,  a  lower  strength 
level)  are  shown. 

From  Fig.  56  it  con  be  seen  that  the  10%  reduction  by  die  drawing  only  slight¬ 
ly  increased  the  steel's  susceptibility  to  embrittlement.  This  increase  occurs  from  room 
temperature  to  550°F,  at  which  point  the  two  curves  coincide.  Note,  however,  that 
a  10%  reduction  by  cold  drawing  has  lowered  the  brittle-ductile  transition  temperature 
below  that  of  the  heat  trected  value  prior  to  the  deformation . 
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Twenty  percent  cold  deformation  of  the  heat  treated  leoded  steal  (Fig.  57) 
again  shows  a  very  slight  increase  in  embrittlement  susceptibility  from  room  tempera¬ 
ture  to  about  350°F  .  However,  between  35CP and  650°F  the  ductility  properties  for 
the  cold  drawing  specimens  are  higher  (i.e.,  a  decrease  in  LM  susceptibility)  than 
for  the  heat  treated  specimens  prior  to  deformation .  The  20%  cold-drawn  material 
also  exhibits  o  lower  brittle-ductile  transition  temperature  than  the  same  material 
prior  to  deformation. 

Rg.  58  illustrates  the  marked  improvement  in  ductility  properties  associated 
with  30%  cold  deformation  by  die  drawing.  Although  there  is  a  moderate  increase  in 
susceptibility  to  embrittlement  from  room  temperature  to  450°F  a  substantial  increase 
in  ductility  is  shown  in  the  critical  embrittlement  trough  region.  As  in  the  previous 
cases,  the  cold  drawing  has  lowered  the  brittle-ductile  transition  temperature  below 
that  of  the  leoded  steel,  heat  treated  to  the  prior  -  to  -  deformation  strength  level. 

From  these  results  it  is  quite  apparent  that  in  spite  of  the  foe t  that  cold  drawing 
promotes  the  steel  to  a  higher  strength  level,  a  decrease  in  embrittlement  susceptibi¬ 
lity  occurs  in  the  embrittlement  trough  temperature  range.  It  was  shown  earlier 
(Rgs.  49-51)  that  as  the  heat  treated  strength  level  is  lowered  the  severity  of  em¬ 
brittlement  is  also  !owerod(cs  is  the  brittle-to-ductile transition  temperature).  Rgs. 
56-58  illustrate  that  deformation  by  cold-drawing  lowers  the  brittle-to-ductile 
transition  temperatures  still  further,  even  though  the  cold  drawing  process  raises  the 
strength  level. 

The  susceptibility  to  embrittlement  as  related  to  the  amount  of  cold  work  by 
die  drawing  can  be  more  properly  compared  summarizing  the  ductility  properties  of 
the  specimens  processed  by  0,  10,  20  and  30%  reductions  in  which  case  all  specimens 
have  cchieved  the  sv  ultimate  strength  level.  Fig.  59  contrasts  the  ductility  pro¬ 
perties  o:  the  specimens  thermo-mechcn'cally  processed  to  200  ksi  with  the 
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ductility  values  for  specimens  heat  treated  directly  to  the  200  ksi  level  (i.e.,  no 
deformation).  It  is  apparent  that  if  one  desires  to  obtain  o  given  strength  level 
•n  this  material,  those  processes  which  involve  incremental  strengthening  by  cold- 
drawing  result  in  improved  ductility  properties  in  the  embrittlement  trough  region. The 
susceptibility  to  embrittlement  is  decreased  with  increasing  amounts  of  cold  deforma¬ 
tion  by  die  drawing.  Above  10%  cold  reductions  there  is  substantia!  decrease  in 
embrittlement  susceptibility.  It  should  be  noted  thet  increasing  cold  deformations 
else  produce  larger  reductions  in  the  brittle-ductile  recovery  temperature  as  compared 
to  the  materia!  heat  treated  directly  to  the  200  ksi  level.  Temperature  shifts  of  45, 

50  and  70°F  are  observed  for  the  10,  20  and  30%  cold  drawn  material,  respectively. 

A  comparison  of  the  elongation  properties  of  the  thermo-mechanically  processed 
leaded  steel  and  the  I coded  steel  heat  treated  directly  to  the  200  ksi  level  is  given  in 
Fig.  60.  Notice  the  unusual  behavior  of  the  elongation  at  fracture  of  the  cold  drawn 
materia!  in  the  temperature  range  of  400  to  600°F.  The  effect  of  increasing  cold  re¬ 
ductions  on  shifting  the  brittle-ductile  recovery  to  lower  temperatures  is  also  clearly 
apparent. 

In  order  to  establish  base  line  data  of  the  effect  of  cold  working  clone  on  the 
ductility  properties  of  this  steel,  specimens  from  the  non-leoded  portion  of  this 
"split -heat”  were  thermo-mechanically  processed  to  200  ksi(fcy  20%  reduction).  The 
(ETT)  properties  of  this  material  are  shown  in  Fig.  61 .  For  comparison,  the  (ETT) 
properties  of  the  non-lecded  portion  of  the  “split-heat",  heat  treated  directly  to  200 
ksi  is  also  presented  (Fig.  62).  It  can  be  seen  that  the  20%  reduction  has  only  slight¬ 
ly  affected  the  nature  of  the  yield  end  ultimate  tensile  strength  curves.  In  general, 
however,  a  do  creese  in  both  %  R.  A.  and  true  stress  of  frccture  is  observed 
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for  the  cold  drown  material.  A  comparison  of  the  ductility  properties  Qt  the  200  ksi 
level  of  these  two  materials  is  given  in  Fig,  63.  The  general  lowering  of  duetifitydue 
to  cold  deformation  is  apparent  in  this  figure.  It  is  felt  that  the  initial  increase  in 
susceptibility  to  embrittlement  of  the  cold  worked  specimens  from  the  leaded  portion 
of  the  heat  compered  to  the  internally  leaded  specimens  directly  heof  treated  to  200 
ksi  is  merely  a  reflection  of  this  partial  exhaustion  of  ductility. 

Since  the  mode  of  deformation  was  thought  to  ploy  a  significant  role  in  the 
effect  of  cold  work  on  the  LME  phenomena,  o  series  of  internally  loaded  4145  steel 
bars  were  heat  treated  to  a  nominal  tensile  strength  of  200  ksi  and  pre-stretched  to 
their  ultimate  tensile  strength.  Specimens  were  then  machined  from  these  bars  and 
Fig.  64  reports  the  ETT  properties  of  these  specimens.  Fig.  65  compares  the  ductility 
properties  of  the  prs -stretched  specimens  to  those  of  the  200  ksi  direct,  hect  treated 
samples ,  One  ccr>  see  from  these  two  figures  that  pre-stretching  produces  a  significant 
increase  in  susceptibility  to  embritt lament  from  room  temperature  »o  725°r,  i.e.,  over 
the  entire  embri tt iement  range.  it  is  further  seen  that  this  form  of  cold  working  causes 
no  change  in  the  brittle-ductile  transition  temperature. 

In  view  of  the  significance  of  the  role  of  deformation  mode,  additional  studies 
o*  the  effect  of  pre-stretching  cs  wefi  cs  ore-compressing  Have  been  initiated.  These 
tests  are  hjw  underway. 

At  the  o'eserf  rime  a  systematic  study  of  tiSese  cold-worked  fracture  surface 
co  peer  once  is  also  ceing  conducted.  5  is  thought  that  such  c  study  will  be  beneficial 
to  the  understanding  and  interpretation  c?  the  above  results. 


9.  Fracture  Toughness  of  Engineering  Metals  in  Liquid  Metol  Embrittlement 

Chief  Investigator:  J.  W,  Dolly 

Purpose:  To  measure  the  change  in  fracture  toughness  parameters,  such  os  Kj^-  , 
induced  by  various  embrittling  liquid;  on  AIS!  -  4145  steel. 

Progress  end  Plans ;  The  program  has  not  been  started  as  yet  since  o  graduate  student 
is  net  available  to  work  in  this  area;  work  will  be  initiated  as  soon  as  a  graduate 
student  becomes  avoildble. 

It  is  proposed  that  two  series  of  experiments  be  conducted  with  4145  steel  as 
the  structural  metal.  In  the  first  series,  the  fracture  toughness  expressed  as 
would  be  measured  as  a  function  of  temperature  under  both  wetted  and  non -wetted 
conditions.  The  embrittling  agents  would  be  applied  externally  at  the  pre-existing 
crack  tip.  Since  initiation  of  the  fracture  has  occurred  it  may  be  possible  to  obtain 
date  pertaining  to  crack  propagation  rates  which  will  give  some  insight  on  the  trans¬ 
portation  mechanism  in  LME. 

The  second  series  of  tests  would  be  on  4145  steel  containing  embrittling  ogents 
alloyed  with  the  steel.  With  these  internal  and  locally  available  embrittling  sources, 
fracture  toughness  and  crack  propagation  rates  may  be  significantly  different  then 
those  treasured  with  external  application  of  the  embrittling  agent. 

10.  Effect  of  Combined  Stresses  on  LME 

Chief  investigator:  L.  J.  Broutmcn 

Associate  Investigorof:  j.  W.  Dally 

Graduate  Students:  G„  K.  Mahcjar.  (Summer  1969,on!y> 

T.  r.  Fugief  (Summer  1970) 

Purpose:  To  obtain  quantitative  information  on  tne  effects  of  combined  stresses  in 
altering  LME  severity. 
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Progress  end  Pions:  The  research  is  in  rhe  eppar  crt  us -developing  stage.  A  torsion 
frame,  designed  for  2000  in. -lb.,  producing  maximum  shear  stresses  of  80,000  psi  on 
o  1/2  -  diameter  specimen,  has  been  built  to  be  attached  to  an  instron  testing  machine 
already  at  band.  Control  equipment  has  also  been  provided.  A  special  adapter  for 
seif  aligning  specimens,  has  also  been  constructed,  using  molten  Woods  metal  to  float 
the  upper  specimen  grip  for  aligning  followed  by  solidification  of  the  Wcod‘s  metol 
for  testing. 

Two  additional  torsion  frames  utilizing  the  same  principles  have  been  constructed 
specifically  for  static  fatigue  experiments.  These  frames  hove  been  calibrated  and  the 
torque  is  opplied  by  adding  weights  to  o  loading  pon.  Initial  experiments  hove  been 
conducted  using  2024  T4  aluminum  specimens  wetted  with  mercury.  The  mercury  was 
pieced  on  the  specimen  sorfoce  using  o  heat  shrinkable  plastic  tubing.  The  lower  por¬ 
tion  of  the  tubing  was  shrunk  onto  the  specimen  and  the  mercury  was  then  placed  in  the 
unshrunk  portion  which  formed  o  cup.  A  typical  torsion  brittle  fracture  was  obtained 
and  also  initio!  experiments  in  static  fatigue  proved  successful  producing  fcflurt  rimes 
of  up  to  two  hours  at  loads  slightly  reduced  from  the  failure  load  obtained  at  content 
loeding  rate. 

During  the  forthcoming  year,  the  testing  prog r cm  will  be  concerned  with  inves¬ 
tigating  c  commercially  available  aluminum  alloy,  202414,  and  liquid  mercury  « 
t-e  embrittlement  agent.  Torsion  tests  on  round  bers  will  be  performed  which  give  a 
ratio  o(  1:1  tension  to  compression  stress  at  45°  to  the  bar  axis.  Also,  the  use  of 
circular  flat  plates,  simply  supported  around  the  circumference,  and  loaded  at  the 
center,  n  II  be  investigated  os  this  produces  equal  biaxial  stresses  ct  the  center  of  the 
olate.  h  ,  cassible  that  the  application  of  c  compressive  stress  in  one  direction  may 
.  •  •<->  M»*nr.  *-e  emKrittferrenr  orocess  ond  thus  raise  the  embrittlement  strength  in  the 
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orthogonal  direction.  This  would  be  not  only  of  practical  significance  but  would  aid 
in  the  understanding  of  the  crack  initiation  process. 

Two  types  of  measurements  will  be  mode  for  oil  the  cfcove  experimental  methods. 
The  embrittlement  strength  will  be  measured  by  suitably  wetting  surfcce  before  it  is 
fooded.  Thus,  the  embrittlement  strength  can  be  determined  for  the  various  stress  states 
and  a  failure  envelope  cart  be  created.  Delayed  failure  or  static  fatigue  embrittlement 
cam  be  measured  for  several  stress  ratios  by  applying  stresses  less  than  those  required  for 
short  time  fracture. 

It  is  expected  that  in  the  second  contract  year  the  static  fatigue  curve  for 
mercury-wetted  aluminum  in  torsion  will  be  completed  and  compared  to  the  static 
fatigue  curve  obtained  in  tension  or  bending.  In  addition,  at  hsast  two  other  combined 
stress  states  obtoiiwd  by  either  pressurization  of  a  closed  end  tube  or  central  loed-ngof 
a  flat  circular  plate  w»f£  be  investigated .  Cyclic  fatigue  in  torsion  con  also  be  com¬ 
pered  to  cyclic  fatigue  in  tension  with  the  aluminum-mercury  system.  This  will  also 
allow  us  to  determine  whether  there  is  o  difference  between  static  and  cyclic  feeding 
of  a  materia!  subjected  to  embrittlement. 

1 1 ,  Statistical  Mechanics  of  Fracture  and  IMS 

Chief  Investigator:  R.  D.  Lorsen 
Postdoctoral  Investigator:  C.  G.  Milter 
Research  Associate:  I.  Eumstein 

Purpose:  To  develop  the  statistical  mechanics  associated  with  the  concept  that  frac¬ 
ture,  embrittlement,  and  related  meter  oSs  phenomena  can  he  treated  as  many -body, 
cooperative  phenomena,  i.e.,  georrse  -  cetasfrophies  arising  from  unstable  lattice 
eon  figurations. 

Progress:  Our  group  has  mode  substantia1  progress  this  pest  year  in  attempting  to  model 


features  operable  in  fracture  end  embrittlement  from  the  viewpoint  of  statistical 
mechanics.  We  outlined  in  our  second  status  report  some  qualitative  features  of  a 
first-order  geometric  fracture/ernbrittlement  model.  The  details  of  this  model  are 
the  subject  matter  of  o  forthcoming  technical  report.  We  hove  also  completed  ano¬ 
ther  technical  report  in  which  we  have  carried  out  some  exact  calculations  relevant 
to  cur  geometric  model.  These  exact  calculations  of  the  molecular  pair  distribution 
functions  for  the  two-dimensional  cell  model  and  for  the  ccrrelafed-cell  model  are, 
unfortunately,  of  such  a  degree  cf  difficulty  that  they  cannot  be  extended  beyond  the 
order  to  which  they  have  been  taken.  The  analytical  techniques  that  were  used  there¬ 
in  ora  virtually  the  same,  however,  that  we  (C.  G.  Miller)  have  opplied  to  another 
calculation  of  considerable  importance  to  our  program. 

We  have  been  especially  interested  in  the  characterization  end  quantification 
of  the  meaning  of  crystalline  (lattice)  stability  inasmuch  as  we  have  suggested  that 
unstable  iertiee  configurations  imply  fracture.  It  is  posible  to  ascertain  c  relative 
thermodynamic  stability  from  o  knowledge  of  the  relative  he®  energies  of  various 
lattice  arrays.  Or.  Miller  of  o«r  group  has  virtually  completed  a  very  tedious  and 
length iy  analytical  calculation  of  the  configurationol  partition  functions  of  c  family  ©f  2- 
dimansronal  sett  ices  which  are  generated  by  translation  of  the  hexagonal  lattice.  As 
the  hexagonal  lattice  gives  rise  to  the  densest  packing  of  2 -spheres  Hv  family 
generated  corresponds  to  a  continuous  sequence  of  ordered  lattice  configurations  and 
trackings  that  ere  successively  less  dense.  The  cell-cluster  fomwfism  which  we  hove 
employed  in  *his  work  is  exact  in  the  (high  density)  limit  of  -close  packing  but  wos 
not  intended  to  be  applied  fn  oth&r  than  the  limiting  ccnfigujcriorts.  hteverfb&fess. 
Have  been  sb!e  to  clearly  define  the  exact  configurational  regions  of  Euclidian 
space  to  wK,»  a  syster  o!  2 -spheres  is  accessible.  The  content  of  the  exact  regions 
~~xj»  ce  -eiruiatou  :  >*  *e  construct  and  ds^ne  limiting  oolysapes  which 
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ore  lower  bounds  to  the  exact  regions.  While  the  calculations  ore  able  to  be  done 
exactly  for  o  given  subfigure  (polytope)  construction  the  content  of  these  poSytopes 
is  but  an  approximation  to  the  exact  configurational  free  volume.  The  replacement 
of  hypercylindrical  surfaces  by  their  tangent  hyperplanes  is  exact  only  in  the  Vq 
limit.  Moreover,  the  calculations  are  able  to  be  done  only  for  small  N  so  it  is  not 
clear  what  the  convergence  properties  of  the  individual  contributions  ore.  Never* 
theless,  on  the  basis  of  those  lower  bounds,  subject  to  the  approximations  involved,  we 
will  be  able  to  calculate  the  relative  free  energies  of  the  family  of  lattice  close  pact* 
ingi  mentioned  *-isove.  This  entire  calculation  and  its  relationship  to  plastic  deferma* 
ticn  and  crystalline  stability  will  be  the  subject  matter  of  another  technical  report. 

A  further  aspect  of  the  work  being  carried  out  in  group  is  that  being  dorse  by 
Dr.  Sumstein.  She  is  in  the  process  of  translating  an  extensive  computer  program 
which  will  enable  us  to  implement  the  integration  of  a  certain  class  of  rigid  disk 
configuration  space  integrals  on  a  digital  computer .  The  unique  character  of  this 
work  is  that  the  integrations  c?e  able  to  be  done  exactly  and  analytically »  It  is  sim¬ 
ply  not  possible  to  do  “pencll-ond-  paper"  integrations  of  this  vcsriety  beyond  second 
order,  However,  the  algorithm  will  allow  such  calculations  to  be  token  to  any  order, 
subject  only  to  memory  size  and  running  time  requirements .  The  integrals  ore  of  the 
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The  integral  coupon*  to  cn  N-dim*n,inna|  rmlyfnp*  enclosed  hy  (N- |)«dfmsrolomj! 
hyperplanes  defined  by  the  arguments  of  the  il«p  fuatffiHt  A  fit}  fh*  cdt.ttgu**»lli?«fil 
partition  function,  Q^,  h  cfole  to  be  fiducerf  ««  ttti  gsnlmiHftii  nf  tudt  Udsymli.  fh? 
programs  ore  being  written  In  ALGOL  for  the  ||f  Uf,\u9>f.  |  |(]g. 


Plmi.  In  order  to  simulate  additional  aspects  of  hunm#  ajjJiiUtlsjnSJ.I  £f}|'  }| Iff 
herd-sphere  lattice  model  we  tmrst  work  with  other  than  the  perfect  lafflcsj  lltd!  Sf“ 
hove  been  considering  io  far.  To  lest  the  assumption  further  that  a  {geometric)  loll  Ice 
instability  implies  froclut*  and  embrittlement  wp  mutt  hnve  jam*  information  o,  to  the 
relative  stabilities  of  lattices  that  contain  various  kinds  of  imperfections.  An  especial¬ 
ly  interesting  calculation  that  we  have  been  considering  is  the  affect  of  iSi  introduction 
of  inclusions  to  on  otherwise  perfect  lattice  of  equi-si zed  hard  panic!**,  VVS  ttuty  ba 
able  to  formuldts  a  ”c£li  theory  "for  such  inclusions  from  which  we  should  be  sble  fo 
ascertain  the  luHtes  ff-e  energies.  By  varying  the  size  of  the  inclusion  continuously 
from  much  larger  than  the  size  of  the  host  lottice  pertides  fo  much  smaller  we  may 
ob^rve  the  effect  of  induster  sir*  on  lailice  sterility  in  fact,  we  hoy*  the  fe-cino- 
t«ng  situction  that  in  the  limit  of  the  size  of  the  Inclusion  becoming  vanishingly  small 
we  may  alio  generate  iottice  vacancies.  We  ere  quite  interested  in  the  role  that 
vacancies  pia>  in  destabilizing  a  iottice  either  by  loco!  collopw  with  or  without  the 
generation  of  o  dislocation  or  by  o  rnndemation"  of  neighboring  vacancies.  During 
our  second  year  In  the  program  we  also  intend  ro  attempt  o  modelling  of  veriousgrain 
boundary  phenomena .  We  may  consider  the  features  of  u  Hard-pert Icie  tunnel  model 
in  this  context .  To  simulate  an  embrittling  environment  we  can  construct  o  grain 
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Fig.  3  Elevated  Temperature  Tensile  Properties  of  4140 
Steel  at  200  Wji  Nominal  Strength  Level,  ami 
Surface  Wetted  with  Pure  Carfenium  {99.9999%j. 
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Fig.  8  Comparison  of  Normalized  True  Fracture  Strength 
ond  Reduction  of  Area  as  o  F unction  of  Homologous 
Temperature  for  4140  Steel  Surface  Wetted  as 
Indicated. 
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.  9.  ELONGATION  AS  A  FUNCTION  OF  TEMPERATURE  AND  STRAIN  RATE  FOR  ai 
2024  T4  WETTED  WITH  MERCURY  AMALGAM,  AFTER  ROSTOKER,  (REF.  3). 
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Sr^ir^r^,r?,fK^L0!^  FRACTUR£  STRAIN  ASSOCIATED  WITH  ZINC  MONOCRYSTAl S 
COATED  WITH  LIQUID  Go,  FROM  KAMDAR  AND  WESTWOOD,  (REF.  5  and  6). 
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Fig.  13  ACTUATC?  DISPLACEMENT  AS  A  FUNCTION  OF  TIKE. 
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Kig.  15-  TRANSVERSE  STRAIN  AS  A  FUNCTION  OF  TIKE  SHOWING  CHANGE  IN  STRAIN  RATE 
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Fig.  19.  STRENGTH  AND  REDUCTION  OF  AREA  AS  A  FUNCTION  OF  TEST  TEMPERATURE 

STRAIN  RATE  0.2!>  in/ifi/ein. 
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Fig.  22.  EFFECTS  OF  STRAIN  RATE  ON  DUCTILITY -TEMPERATURE  PROFILES. 
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Fig.  37.  Elevated  Temperature  Tensile  Properties  of  4145 
Steel  (non- leaded)  at  200  ksi  Nominal  UTS, 
Surface  Wetted  with  Pure  Pb. 
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Fig.  3v.  Elevated  Ternperoture  Tensile  Properties  of 
*145  Steel  (non-leoded)  ot  200  ksi  Nominal 
UTS,  Surface  Wetted  with  Pb-9%  Sn  Alloy. 
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Fig.  40.  Elevated  Temperature  Tensile  Properties  of  4145 
Steel  (non- 1  coded)  at  200  ksi  Nominal  UTS, 
Surface  Wetted  With  Pb-4%  5n  Alloy. 
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fig.  43.  Elevated  Temperature  Tensile  Properties  of  4145 

Steel  (non-Seoded)  at  200  ksi  Nominal  UTS,  Surface 
Wetted  with  Pe-0. 1%  Sn  Alloy 
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Fig.  45.  Elevated  Temperature  Tensile  Properties  of  4145 
Steel  (neo-leoded)  at  200  ksi  Nominal  UTS, 
Surface  Wetted  with  Pb-2%  Sb  Alloy, 
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rig.  46.  Efsrvsfed  Temperature  Tensile  Properties  of  4145 

St«el  Cnon-lees&d)  ot  200  ksi  Nominal  UTS,  Surface 
Wetted  with  Pb- 1%  $b  Alloy. 
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Fig.  47.  Elevoted  Tamperokire  Tensile  Properties  of 
4145  Steel  {no*>- leaded)  ot  200  ksi  Nominal 
UTS,  Surface  Wetted  with  Pb-0. 1%  Sb  Alloy. 
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Aluminum  Blcryttal*  Grown  by  Seeding  (top)  and  SeHf-Muc  lection  (bottom).  Growth  Direction  from 
Left  to  Right.  Magnification  0.8  times. 
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Fig.  52.  Elevated  Temperature  Tensile  Properties  of  Internally 
Leaded  4145  Steel  Heat  Treated  to  200  ksi  Nominal 
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Fig.  54.  Elevated  Temperature  Tensile  Properties  of  Internally 
Leaded  4145  Steel  Heat  Treated  end  Cold  Worked 
20%  by  Die  Drawing  to  Achieve  200  ks:  Nominal 
UTS. 
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Ductility  Properties  of  Interne! ly  Leaded  4145 
Steel  Heat  Treated  and  Cold  Worked  *0%  by 
Die  Drawing  to  Achieve  a  Fins!  200  ksi 
Nominal  UTS,  Compared  with  tis?  Ductility 
Values  of  the  Same  Materia!  Heat  Treated  to 
the  Prior  Deformation  Strength  Level. 
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Fig-  57.  Ductility  Propertie*  of  Intemclly  Leaded  4145 
Steel  Heat  Treated  and  Cold  Worked  20%  fay 
Die  Drawing  to  Achieve  o  Final  200  ksi 
Nominal  UTS,  Compared  with  the  SXrctility 
Vohm  of  the  Scene  Material  Heat  Treated 
to  the  Prior  Deformation  Strength  Level. 
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Fig-  58.  Ductility  Properties  of  Intemollv-  L coded  4145 
Steel  Heat  Treated  ood  Cold  Worked  30%  by 
Die  Drawing  to  Achieve  a  Final  200  ksi  Nominal 
UTS  Compared  with  the  Ductility  Values  of  the 
Same  Material  Heat  Treated  to  the  Prior  Deformation 
Strength  Level. 
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on  of  [Xjctility  Properties  of  Internally 
145  Steel  Processed  to  200  ksi  Nominal 
eat  Treatment  Alone  and  Heat  Treatment 
20  and  30%  Reductions  by  Oie  Drawing , 
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Fig.  10.  Comporison  of  Ductility  Properties  of  Internally 
L coded  4l4D  Steel  Processed  to  200  fesi  Nominal 
UTS  Oy  Heat  Treatment  Alone  and  Heat  Treat¬ 
ment  Plu.  1C,  20  end  30%  Reductions  by  Die 
Drawing. 
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Fig.  u. .  Elevated  Temperature  Tensile  Properties  of 
Non- Leaded  4145  Steel  Heat  Treated  to 
20C  ksi  Nominal  UTS. 
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Fig.  o4.  Elevated  Temperature  Tensile  Properties  of 
Internally  Leoded  4145  Steel  Heat  Treated 
to  200  ks!  Nominal  UTS  and  Prestretch  to 
the  UTS,  at  Room  Temperature  Prior  to 
Testing. 
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This  is  the  first  annual  technical  progress  report  on  a  research  program  on  liquid  metal  em¬ 
brittlement  {LME).  The  phenomenon  of  LME  is  being  investigated  or  levels  from  the  ctomic 
through  bulk  specimen  end  structure  I  properties,  and  is  being  considered  from  both  experimental 
and  theoretical  viewpoints.  The  research  is  cl&ed  at  elucidating  the  three  important  aspects  of 
LME,  namely,  the  mechanism  by  which  embrittlement  takes  place  at  a  crack,  or  poter-tid  crock, 
site,  the  mechcrism  by  which  the  embrittling  species  is  transported  to  this  site,  and  the  various 
metallurgical,  physical,  end  mecbsticai  factors  which  hove  a  significant  influence  or.  rbe  seve¬ 
rity  of  the  embrittlement. 

Eleven  specific  investigations  ore  underway  in  various  stoges  of  progress,  with  the  first 
two  topics  aimed  primarily  at  cn  understanding  of  the  transport  mechanism  in  LME,  the  second 
five  ct  the  embrittlement  me  :hanism,  end  the  next  three  at  mechanical  and  metallurgical  factors 
influencing  the  embrittlement .  The  last  topic  is  cm  effort  ct  a  new  theoretical  approach  to  LME. 
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